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Abstract 
The research begins with an investigation of wavelength drift in Coarse Wavelength 
Division Multiplexing (CWDM) systems, especially in the context of temperature 
dependent wavelength drift. A simple model was proposed using a typical ‘application’ 
from ITU-T G.695. OptiSystem was chosen as the simulation platform due to its ease of 
use, the variety and flexibility of its inbuilt components and similar models simulated 
on the platform in the past. 
 
The research then investigates the measurement of wavelength drift focusing on how to 
determine an acceptable wavelength accuracy for a CWDM wavelength monitor. The 
chosen approach arose from observations of the results from a model of how 
wavelength drift impacts the most important system parameter in CWDM systems, 
which is error performance. The statistical confidence levels of Bit Error Ratio (BER) 
measurements taken by typical industry test and measurement equipment was 
considered and their statistical worst case BER results were calculated. An argument is 
made equating wavelength drift to an equivalent degradation of a links BER. Using the 
model developed a minimum wavelength accuracy of 0.1365 nm for the CWDM 
wavelength monitor was calculated.  
 
Following a survey of instruments marketed to the CWDM industry, a set of attributes 
that are representative of the different types of instruments available was made. These 
attributes were categorised into parameters and features.  Each parameter and feature 
was considered in the context of a wavelength monitor for use in CWDM systems with 
a subsequent reclassification of the attributes into ‘essential features’ and ‘key 
iii 
parameters’, hence the attributes of a CWDM wavelength monitor were specified. An 
in-depth investigation of wavelength measurement operating principles was carried out 
with the aim of identifying a suitable technology to implement a CWDM wavelength 
monitor. The ratiometric wavelength measurement operating principle was chosen to 
implement a proof of principle CWDM wavelength monitor as it offers the best 
potential to meet the required specification with a least complex solution. 
 
The ratiometric wavelength measurement operating principle was discussed in more 
detail followed by an investigation of the maximum discrimination of the optical filter 
used in this technique. The limits on the maximum discrimination of the optical filter 
due to an optical sources wideband noise were then modelled with a proof of principle 
experiment carried out to validate the model. 
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1 Coarse Wavelength Division Multiplexing 
1.1 Introduction 
This Chapter introduces CWDM (coarse wavelength division multiplexing), briefly 
discussing its role in telecommunications systems and its robust nature with a focus on 
the non-temperature controlled nature of its laser sources. Source wavelength drift in 
CWDM networks, due to the lack of source temperature control, is considered and the 
possible impact this has on system performance is explored. Measurement of 
wavelength is then considered in the context of optical layer monitoring followed by an 
exploration of the International Telecommunication Union (ITU) standards for CWDM 
and related technologies. Finally, the aims and objectives of the thesis will be discussed. 
1.2 CWDM Overview 
With the demand for very high-speed broadband and for reduced deployment costs for 
systems in metro and access networks, higher bit rates are required. One solution is to 
increase bit rates using Time Division Multiplexing (TDM) by moving for example to 
40 Gbit/s and 100 Gbit/s line rates.  These solutions are often difficult to deploy due to 
chromatic and polarisation mode dispersion.  Alternatives include Dense Wavelength 
Division Multiplexing (DWDM) and Coarse Wavelength Division Multiplexing 
(CWDM) with the lower cost solution of CWDM often being attractive in metro and 
access networks. The rationales and distinctions between DWDM and CWDM are 
considered in more detail in Section 1.5. 
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CWDM wavelengths are specified in ITU-T G.694.2, a grid of 18 central wavelength 
channels with sufficient separation to permit the use of uncooled1 sources [1]. The wide 
spectral separation of the sources means that lower cost multiplexers and demultiplexers 
with wide bandwidths and generous guard bands can be utilised which can tolerate 
significant wavelength drift due to the loose wavelength tolerance and the use of 
sources without temperature control, by comparison to DWDM. Wavelength and power 
monitoring of these sources may be required as drift will impact link performance with 
changes in chromatic dispersion and link attenuation consequently degrading the Bit 
Error Ratio (BER) of the link. 
This can be illustrated by looking at the variation in dispersion and attenuation with 
wavelength of an ITU-T G.652 compliant singlemode fibre over a sample CWDM 
source’s maximum wavelength range to demonstrate the impact of wavelength drift in a 
practical setting. Assuming a CWDM source with a central wavelength of 1551 nm, the 
source’s wavelength tolerance of ± 6.5 nm gives a potential wavelength range of 
1544.5 nm to 1557.5 nm and hence a dispersion coefficient (Dc) at the wavelength 
extremes of 16.692 ps/nm.km and 17.42 ps/nm.km respectively.  
From manufacture’s datasheets of G.652 compliant fibres, the attenuation variation with 
wavelength over the 1525 nm to 1575 nm window does not exceed the attenuation at 
1550 nm by 0.02 dB/km [2]. Assuming the lowest loss is at 1550 nm and a linear 
variation in attenuation with wavelength, an approximate loss variation with wavelength 
                                                 
1 Both ITU-T G.695 and ITU-T G.694.2 recommendations, when discussing the use of laser sources that 
are not temperature controlled use the term ‘uncooled sources’. To be consistent with the 
recommendations, where appropriate, this thesis will continue to use this term. 
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of 0.0008 dB/km per 1 nm drift can be calculated. Over a 50 km link, the variation in 
dispersion and attenuation due to a CWDM source’s wavelength drifting can be seen in 
Table 1-1. 
Table 1-1 Dispersion and attenuation on a 50 km G.652 fibre link at 1551 nm and ±6.5 nm. 
Parameter Values for λ1 Values for λ2 Values for λ3 
Wavelength 1544.5 nm 1551 nm 1557.5 nm 
Dispersion 834.6 ps 852.8 ps 871 ps 
Attenuation 10.22 dB 10.04 dB 10.3 dB 
 
It should be noted that that the attenuation variation results in Table 1-1 should be 
considered best case results. Some manufacturers ‘maximum attenuation variation’ in 
this window are larger than 0.02 dB/km. The 1551 nm source is in the low loss window 
with other parts of the spectrum having larger attenuation/wavelength slopes. Finally, 
the data is for G.652.D fibre with a low water peak and from the most recent revision of 
the recommendation in 2009. Other fibre types and older installed fibres will have much 
larger differences in attenuation with wavelength, particularly at lower wavelengths. 
In a more general sense wavelength and power monitoring is part of so-called optical 
layer monitoring and this is considered in the next Section. 
1.3 Optical layer monitoring 
Optical Layer Monitoring (OLM) is a growing area in optical test and measurement as 
network operators strive to manage increasingly complex optically multiplexed 
networks [3]. OLM systems are capable of monitoring many physical layer parameters, 
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as shown in Figure 1-1, by measuring wavelength on a continuous or periodic basis and 
by tracking other important parameters [3]. 
 
Figure 1-1 Measurement response time versus measurement type in the context of optical layer 
monitoring. Figure redrawn from a white paper from Proximion AB titled ‘Optical Layer 
Monitoring’ [3]. 
Considering Figure 1-1 in more detail it can be seen that the x-axis is split into 3 
sections with the response to changes in parameters tracked in periods that vary from 
milliseconds to years depending on the application.  
In the millisecond range, one such measurement is channel power. For example, 
channel power can be monitored for protection switching, which by necessity must 
operate very rapidly to prevent data loss. Protection switching can be addressed by the 
physical, data-link or network layer with typical switch completion times in the 10’s of 
milliseconds. To achieve this target, optical layer monitoring equipment must be able to 
detect changes in output power in millisecond time spans. 
With time spans of seconds, so-called signal characteristic monitoring measurements 
can be considered. For example, links with advanced optical architectures are often 
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dynamically reconfigured. Components such as Reconfigurable Optical Add-Drop 
Multiplexers (R-OADM) and Optical Cross Connects (OXC) can add, drop and switch 
wavelengths and links. Due to the nature of DWDM and the use of optical amplifiers on 
these networks the channels need to be dynamically rebalanced and adjustments such as 
power balancing and gain tilt adjustments must be made. Optical layer monitoring 
equipment operating over measurement times of seconds can optimise these links by 
monitoring channel power and wavelength and signal quality parameters such as 
Optical-Signal-to-Noise-Ratio (OSNR). 
Finally, measurements on the scale of hours, days and years allow monitoring of 
parameter drift to detect the possible onset of failure. This is especially useful due to the 
increasing complexity of communications networks. Parameters can be sampled over 
time and as degradation becomes evident steps can be taken to counter it. One such 
parameter is wavelength drift. Wavelength drift can affect parameters such as the 
channel attenuation, dispersion, crosstalk and OSNR. As wavelength drift is often a 
result of temperature changes, measurement times are routinely in hours and days.  
In summary, optical layer monitoring equipment capable of measuring all the above 
measurements have a wide range of demands placed upon then, therefore they are 
complex and expensive and only deployed in high-end DWDM systems. As CWDM is 
considered a lower cost alternative to DWDM and is most often deployed in metro and 
access networks a less sophisticated lower cost monitoring solution is desirable. A key 
building block of a CWDM monitoring solution, is a single channel wavelength 
monitor, which is suitable for long-term wavelength monitoring of CWDM systems at 
low cost. The core focus of this research and thesis is on a single channel wavelength 
monitor for CWDM systems.  
6 
1.4 ITU-T standards 
It is well known that the telecommunications industry is highly regulated and standards 
driven. As a result, communications systems are defined in detailed standards, hence, 
any investigation of a system needs to take account of the relevant standards. This 
Section considers the relevant ITU-T (International Telecommunication Union - 
Telecommunication Standardization Sector) standards, for the research undertaken. 
The “ITU (International Telecommunication Union) is the United Nations specialised 
agency for information and communication technologies” with one its units being the 
ITU-T. The ITU-T has responsibility for developing ICT (information and 
communication technology) standards, known as recommendations, to ensure the 
interoperability of ICT [4]. In practice, this means that the main elements of systems 
can be purchased from different manufacturers with the reassurance that they will be 
able to interwork successfully. 
The ‘ITU-T Manual 2009 – Optical fibers, cables and systems’ is a reference text 
published by the ITU-T. The foreword states that “The manual is intended as a guide for 
technologists, middle-level management, as well as regulators, to assist in the practical 
installation of optical fibre-based systems” [5]. The preface divides the history of 
optical fibre technologies into a number of distinct phases and the role that ITU-T 
standards play in that phase. Phase 1 discusses lightwave systems operating in the 
850 nm window, phase 2 considers the benefits gained by moving to the 1300 nm 
window and phase 3 shows how moving to the 1550 nm window minimised the need 
for repeaters and commercial systems operating at 2.5 Gbit/s that became available in 
1992. 
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Phase 4 discusses the development of optical amplification and Wavelength Division 
Multiplexing (WDM) and the resulting explosion in the aggregate bit rate. The ITU-T 
Manual 2009 discusses the development of DWDM recommendations followed by 
CWDM recommendations and their role in access and metro applications.  
CWDM has a niche in the telecommunications market as a low-cost alternative to 
DWDM [6]. In comparison to DWDM, CWDM links have a limited range, with ITU-T 
G.695 specifying a target distance of 32-72 km for a 4-channel system operating at 
2.5 Gbit/s. Furthermore, optical amplifiers are currently not being specified in the 
CWDM recommendation [7]. CWDM’s lower cost and ability to increase a links 
aggregate bit rate, without increasing the individual channel’s line rates, hence 
overcoming the limits set by dispersion make it a strong contender in the access and 
metro market. Newer markets for CWDM include Passive Optical Networks (PONs) 
and enterprise local area networks.  
Table 1-2 lists various ITU-T recommendations and explains why they are relevant to 
the work described in this thesis and to CWDM. ITU-T G.695 is the core 
recommendation utilised as it specifies the key CWDM interfaces with other 
recommendations referenced for definitions, values and procedures. 
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Table 1-2 Relevant ITU-T Recommendations 
ITU-T 
Recommendation 
Relevance 
G.695 
Optical interfaces for 
coarse wavelength division 
multiplexing applications. 
This Recommendation defines and provides values for optical 
interface parameters of physical point-to-point and ring 
CWDM system applications. 
G.652  
Characteristics of a single-
mode optical fibre and 
cable. 
This Recommendation describes physical and transmission 
attributes of a single-mode optical fibre and cable which has a 
zero-dispersion wavelength around 1310 nm. This is the most 
widely deployed type of single mode fibre with many CWDM 
systems operating over it. 
G.655 
Characteristics of a non-
zero dispersion-shifted 
single-mode optical fibre 
and cable. 
This Recommendation describes physical and transmission 
attributes of a single-mode optical fibre and cable which has a 
non-zero dispersion value throughout a wavelength range. It 
includes categories of fibre with chromatic dispersion curves 
bounded to the region 1460 nm to 1625 nm to support the 
operation of some CWDM channels from 1471 nm and up. 
G.656 
Characteristics of a fibre 
and cable with non-zero 
dispersion for wideband 
optical transport. 
This Recommendation describes physical and transmission 
attributes of a single-mode optical fibre and cable which has a 
non-zero dispersion value throughout the wavelength range 
1460 nm to 1625 nm to support long haul CWDM and DWDM 
links. 
G.671 
Transmission 
characteristics of optical 
components and 
subsystems. 
The following terms are defined in this recommendation 
- coarse wavelength division multiplexing; 
- optical wavelength multiplexer/demultiplexer; 
- channel insertion loss; 
- channel spacing; 
- reflectance. 
G.694.2 
Spectral grids for WDM 
applications: CWDM 
wavelength grid. 
This Recommendation provides the wavelength grid for coarse 
wavelength division multiplexing applications. This 
wavelength grid supports a channel spacing of 20 nm. 
G.957 
Optical interfaces for 
equipments and systems 
relating to the synchronous 
digital hierarchy. 
The following terms are defined in this recommendation 
- joint engineering*; 
- receiver sensitivity; 
- transverse compatibility. 
Numerous references are made to procedures defined in this 
recommendation. 
* Joint engineering is the process of defining improved 
interface characteristics for a link to deliver a performance that 
would otherwise not be possible using the ITU-T 
recommendations. The result of this is that both the transmitter 
and receiver are supplied by one vendor and compatibility and 
standardisation across manufacturers is no longer possible. 
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1.5 CWDM versus DWDM 
There is an inexorable increase in demand for bit rate capacity in transmission links, 
driven in the main by the growth of the internet. There are various measures for the 
maximum capacity of a single-mode fibre. Recent commercial equipment from Ciena 
Corp demonstrated 9.6 Tbit/s across hundreds of kilometres [8], but most links operate 
at tens of Gbit/s only. To increase a links bit rate, there are two traditional options. First, 
increase bit rates using TDM (increasing a channels line rate from 2.5 Gbit/s to 
10 Gbit/s). This solution is often difficult to deploy due to chromatic and polarisation 
mode dispersion.  Secondly, DWDM can be implemented. This solution can allow the 
multiplexing of more than 40 channels at multiple optical wavelengths without 
increasing the line rate (e.g. 40 x 2.5 Gbit/s). Although this is the solution of choice for 
high bandwidth links over distances of hundreds of kilometres, its cost does not scale 
down well for implementation over modestly high bit rate links (e.g. 4 x 2.5 Gbit/s) 
over shorter distances < 100 km. As already mentioned the lower cost and ability to 
increase bit rates without the limits set by dispersion make CWDM a strong contender 
over DWDM, particularly in the access and metro market, where transmission distances 
are more modest. 
CWDM competes with DWDM on a cost basis in niche areas. The reduced cost of 
CWDM over DWDM is achieved in a number of ways. The ITU-T Recommendation 
G.695 - Optical interfaces for coarse wavelength division multiplexing applications, 
specifies the maximum central wavelength deviation of uncooled sources to support 
CWDM applications. The simplification of transmitter design achieves cost savings as 
the main difference between DWDM systems and CWDM systems, is the use of 
temperature control using Peltier cooling systems to stabilise the wavelength of sources 
in DWDM systems and the use of uncooled sources in CWDM systems [9].  The total 
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wavelength variation of a CWDM source is ±6.5 nm. This wavelength variation is 
determined mainly by two factors. First a manufacturing tolerance of ±3 nm around the 
nominal wavelength is allowed in order to achieve a higher yield. Second, a further 
tolerance of ±3.5 nm allows for the use of sources that are not temperature controlled 
and hence their wavelength will drift during operation due to changes in the lasers 
operating temperature [1]. This manufacturing and wavelength tolerance will be 
discussed further in Section 2.5. 
ITU-T Recommendation G.694.2 - Spectral grids for WDM applications: CWDM 
wavelength grid, specifies the nominal central wavelength of uncooled sources to 
support CWDM applications and hence the nominal channel spacing of these 
wavelengths is 20 nm. In comparison, a 2.5 Gbit/s DWDM transmission system can 
have a channel spacing of 0.8 nm with a maximum wavelength deviation of about 
±0.185 nm, a deviation that is 35 times better than a CWDM system [10]. Furthermore, 
as a result of the wide channel spacing, wider passband filters can be used in CWDM 
and allow a significant saving in cost in comparison to DWDM filters, in the order of 
50% due, for example, to the reduced number of layers in thin film filter design, a 
frequently used technology for optical filters. For example, a 100 GHz DWDM thin 
film filter will employ 150 layers and a CWDM thin film filter 50 layers [11]. 
The effect of these relaxed wavelength tolerances is that CWDM systems can achieve 
cost savings through a combination of [7], 
 Uncooled single mode lasers 
 Relaxed laser wavelength selection tolerances 
 Wide passband filters   
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In addition, CWDM typically utilises Directly Modulated Lasers (DMLs), where no 
external modulator is used compared to DWDM sources where external modulators can 
be required to meet the strict performance requirements [9]. 
Due to the simplifications in laser and transmitter design the package size of a CWDM 
module is also significantly smaller thus incurring further savings over DWDM as a 
higher channel density can be achieved within modules in CWDM system racks. Table 
1-3 summarises and compares CWDM and DWDM in terms of the technology used. 
Table 1-3 Comparison of DWDM and CWDM package sizes reproduced from Coarse Wavelength 
Division Multiplexing: Technologies and Applications (Optical Science and Engineering), Hans 
Jorg Thiele, Marcus Nebeling [11]. 
 
DWDM CWDM 
Transmitter 
Board Area: 
100 cm.2 (16 in.2) 20 cm.2 (3.1 in.2) 
Laser 
packages: 
Cooled laser 
4 cm. long, 2 cm. high,  
2 cm. wide. 
Uncooled laser 
2 cm. long, 0.5 cm. in diameter. 
Package 
Features: 
- Butterfly package 
(or) 
- Dual inline laser package 
- Laser die 
- Monitor photodiode 
- Thermistor 
- Peltier cooler 
- Laser die 
- monitor photodiode 
- Mounted in a hermetically sealed 
metal container with a glass 
window. 
 
1.6 System specification method: the black link and 
black box approach 
In this thesis, frequent use is made of block diagrams to explain the configuration of 
systems and monitoring strategies. In practice, the ITU-T recommendations of optical 
systems are typically specified in one of two system specifications, a so called ‘black 
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box’ system or a ‘black link’ system and it is thus useful to get a better understanding of 
these and their relevance to this thesis. Single-channel transmission and multi-channel 
transmission recommendations such as ITU-T G.691, ITU-T G.692, ITU-T G.693 and 
ITU-T G.695 specify interfaces as either ‘black link’ or ‘black box’. In ITU-T G.695 
when dealing with the different types of CWDM applications, a number of physical 
layer parameters such as channel power, channel wavelength, central wavelength and 
maximum attenuation are defined at various reference points.  These reference points, 
listed below, do not in themselves define the physical layer parameters, rather the 
parameters are defined at the reference points: 
 SS is a single-channel reference point at the CWDM network element tributary 
input; 
 RS is a single-channel reference point at the CWDM network element tributary 
output; 
 MPI-SM is a multi-channel reference point at the CWDM network element 
aggregate output; 
 MPI-RM is a multi-channel reference point at the CWDM network element 
aggregate input; 
 RPR Link reference point at the CWDM network element aggregate input; 
 RPS Link reference point at the CWDM network element aggregate output. 
Figure 1-2 shows a ‘black box’ approach in schematic form [5]. The ‘black box’ 
approach combines together the components in a transmitter or a receiver and does not 
seek to specify the elements in the ‘black box’.  
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Figure 1-2 Black Box approach [5] Reproduced and annotated from ITU-T G.695. 
 
As can be seen in Figure 1-2 components such as the CWDM lasers and the optical 
multiplexer are combined into a ‘black box’ and similarly with the optical demultiplexer 
and receiver circuitry. Physically the components may be optically spliced together and 
housed in a unit or may be individual transponder cards patched to a multiplexer. Either 
way, the components are treated as a black box and the multi-wavelength interface 
points MPI-SM and MPI-RM are at the output and input of the multiplexer and 
demultiplexer respectively. The ‘black box’ model is important because it allows 
vendors to balance the transmitter power at different wavelengths given the different 
multiplexer and demultiplexer insertion losses at different wavelengths. This allows 
vendors to optimise the reach of the system and build compact and thermally efficient 
systems [9]. The specified parameters at the interface points allow for so called 
transverse (i.e. multivendor) compatibility of the CWDM network elements, that is 
between the “sending” black-box and the “receiving” black-box” [5]. Each multichannel 
system operates over its own fibre or fibre pair (for the reverse direction) between MPI-
SM and MPI-RM. 
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The ‘black link’ approach, Figure 1-3, is used in multi-channel transmission 
recommendations such as ITU-T G.695, ITU-T G.698.1 and ITU-T G.698.2. With this 
approach, the link itself is considered ‘black’ and will consist of a number of passive 
components such as the multiplexers, demultiplexers, optical fibre, splices and 
connectors. From a network design perspective, these components are treated as a 
system with an input and output with a set of single channel interface parameters such 
as transmitter power into the ‘black link’ and receiver power out of the link. This 
approach enables transverse compatibility (multi-vendor) between the single-channel 
input and output points of a black-link [5]. That is, at a particular wavelength the 
transmitter and receiver can be supplied by different vendors. The ‘black link’ approach 
means that the combined multiplexer, demultiplexers pair can be optimised so that their 
combined insertion loss at different wavelengths can compensate for the changes in 
fibre attenuation with wavelength. The ‘black link’ approach also allows a multitude of 
operators to offer services over leased dark fibre [9]. 
 
Figure 1-3 Black Link approach [5] Reproduced, edited and annotated from ITU-T G.695 
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The decision to utilise either a black box description or black link description of a given 
system will depend on a number of factors, for example, whether the system is owned 
and operated by a single end user or whether individual wavelengths are to be leased to 
a number of independent operators. 
The proposed CWDM wavelength monitoring system that is the focus of this thesis will 
perform long term monitoring of wavelength drift in live systems, at a single 
wavelength. This means that the system will be inserted at the Single-channel interface 
reference points SS and RS of a ‘black link, Figure 1-3 (i.e. the transmitter and receiver). 
Measuring at points SS and RS allows the interface parameters at the inputs and outputs 
of the ‘black link’ to be validated. For example, the wavelength at a particular receiver 
can be measured to see if it is within the G.695 parameters for ‘central wavelength’.  As 
will be shown later in the thesis the proposed wavelength monitoring system would not 
be suitable for measuring the wavelength at the interface reference points MPI-SM and 
MPI-Rm of a ‘black box’ as the fibre at this point contains multiple channels, although 
if the ‘black box’ is composed of discrete components measurement can be taken for 
individual wavelengths. 
1.7 Aims and Objectives 
Aim - To investigate how a wavelength monitoring system for use in CWDM systems 
can be specified and implemented.  
The specific objectives that support this aim are: 
1. To identify how system performance in CWDM systems is measured. 
2. To identify the role that wavelength drift plays in system performance. 
3. Build a CWDM system model that simulates the impact of wavelength drift on 
system performance and using the simulation results, develop a system 
specification for a wavelength monitoring system. 
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4. Identify a suitable method of determining the required wavelength accuracy of a 
CWDM wavelength monitor.  
5. Using the system specification identify a suitable wavelength measurement 
technique. 
6. Carry out a proof of principle experiment to validate the optical wavelength 
measurement technique. 
1.8 Methodology 
 The ITU-T recommendations, especially G.695, were thoroughly investigated 
and the parameters that influence system performance and their worst-case 
values were identified. In addition, industry practice and norms were 
investigated. 
 Using OptiSystem, (a comprehensive software design suite that enables users to 
plan, test, and simulate optical links in the transmission layer of modern optical 
networks) a model was built that simulates the impact wavelength drift has on 
the performance of a CWDM system.  
 The data collected informed the development of a system specification for a 
CWDM wavelength monitor to measure wavelength drift, independent of the 
implementation approach with parameters such as wavelength accuracy and 
resolution considered.  
 Using the bit error ratio (BER) of a link an argument was developed that 
allowed the calculation of the minimum wavelength accuracy of a CWDM 
wavelength monitor.  
 Using the system specification, a number of wavelength measurement 
techniques were considered and the most suitable was identified.   
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 The limitations of the wavelength measurement technique were investigated in 
detail. 
 The proof of principle was built using a number of off the shelf components. 
 The wavelength measurement technique was implemented and tested using a 
tunable source.  
 A series of conclusions were developed. 
 
1.9 Summary of Chapters 
This thesis will investigate CWDM wavelength monitoring, the accuracy with which 
CWDM wavelengths must be measured and the implementation of a wavelength 
monitor capable of reaching the desired accuracy. The proposed title and structure is as 
follows:  
 
Wavelength drift in CWDM systems: Impact and Measurement. 
Chapter 1 Coarse Wavelength Division Multiplexing. As already discussed this 
Chapter sets the scene for CWDM and the ITU-T standards and the need for long term 
wavelength monitoring is discussed. 
Chapter 2 Analysis and model development for Channel drift in CWDM . After a 
detailed analysis of wavelength drift in CWDM systems an overview of a model to 
determine its impact is discussed. 
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Chapter 3 Using the model to determine the accuracy with which wavelength 
needs to be measured. This Chapter links wavelength accuracy to the system 
performance metric BER (bit error ratio). Using industry standard confidence levels, an 
argument is made linking BER to an equivalent wavelength. A CWDM system model is 
validated and then used to calculate a CWDM wavelength monitor’s minimum 
wavelength accuracy. 
Chapter 4 CWDM wavelength monitor specification and implementation. This 
Chapter considers, in general, the specification of a CWDM wavelength monitor with a 
view to identifying a suitable candidate technology for implementation in a proof of 
principle. 
Chapter 5 Proof of principle implementation of ratiometric operating principle. 
This Chapter investigates the wavelength resolution limits of the proposed candidate 
technology followed by a proof of principle experiment to demonstrate that the desired 
resolution is achievable. 
Chapter 6 Conclusions 
This chapter provides the key conclusions from across the thesis and also outlines 
suggestions for future work. 
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2 Analysis and model development for Channel drift 
in CWDM 
2.1 Introduction 
An objective of this thesis is to identify the role that wavelength drift plays in CWDM 
system performance. To do this we need to better understand CWDM and wavelength 
drift. This Chapter looks at CWDM sources in further detail, focussing on temperature 
dependent wavelength drift. A system model is then proposed to better understand and 
quantify the impact of wavelength drift on CWDM system performance. 
2.2 CWDM channels 
Before investigating the role wavelength drift plays in CWDM system performance the 
wavelength parameters as defined in the ITU-T standards must be understood. The 
ITU-T recommendation, G.694.2 - Spectral grids for WDM applications: CWDM 
wavelength grid, specifies the nominal central wavelength of 18 uncooled sources to 
support CWDM applications, see Table 2-1.  
Table 2-1 CWDM nominal central wavelengths – reproduced from ITU-T G.694.2 - Spectral grids 
for WDM applications: CWDM wavelength grid. 
Nominal central wavelengths (nm) for spacing of 20 nm 
1271 1451 
1291 1471 
1311 1491 
1331 1511 
1351 1531 
1371 1551 
1391 1571 
1411 1591 
1431 1611 
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As can be seen in Table 2-1, the channel spacing of the CWDM sources is 20 nm. This 
channel spacing is an order of magnitude greater than the DWDM channel spacing of 
1.6, 0.8, 0.4 nm or less. As discussed previously this large 20 nm channel spacing, in 
comparison to DWDM, allows for the use of uncooled sources, relaxed manufacturing 
tolerances and less costly wide passband filters. 
2.3 ITU-T G.695 Application Codes 
ITU-T G.695 specifies the optical interfaces for CWDM applications. The G.695 
interface applications are specified using the following standard notation 𝐶𝑛𝑊𝑥 − 𝑦𝑡𝑧, 
see Table 2-2. 
Table 2-2 Application code legend, adapted from ITU-T G.695 
Legend Description 
C 
Indicates that this is a CWDM application, as opposed to DWDM for 
example. 
n 
The max number of channels supported by the application, typically 4, 8 
or 16. 
W 
Indicates span distance  – S for short haul (around 37 km) 
     – L for long haul (around 70 km) 
x 
The maximum number of spans. Currently, for all applications this is 1, as 
optical amplification is not currently part of the recommendation.  
y 
Indicates the highest class of optical tributary signal supported. i.e. the bit 
rate.  0 – NRZ 1.25 Gbit/s.   (Non-return-to-zero) 
 1 – NRZ 2.5 Gbit/s. 
 2 – NRZ 10 Gbit/s. 
t 
This is a placeholder for future versions of the recommendation indicating 
the configuration supported. Currently, D is the only value used indicating 
the application does not use optical amplifiers 
z 
Indicates the fibre type  
– 1 indicating operation only in the 1310 nm region on ITU-T G.652 fibre; 
– 2 indicating operation on ITU-T G.652 fibre; 
– 3 indicating operation on ITU-T G.653 fibre; 
– 5 indicating operation on ITU-T G.655 fibre. 
 
Bidirectional support is indicated by the addition of the letter B at the 
front of the application code. 
 An S at the front of the application code indicates a system using the 
‘black link’ approach. 
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To illustrate the use of a G.695 application code we can consider a sample code as 
shown in Figure 2-1. 
 
Figure 2-1 Sample G.695 application code 
 
2.4 CWDM wavelength drift 
For each application code, a table of physical layer parameters and values exists in the 
G.695 recommendation. Parameters such as ‘minimum mean channel output power’ and 
‘maximum channel insertion loss’ will vary depending on the application code as 
channel insertion loss will change with parameters such as ‘channel target length’ and 
‘channel count’ due to the multiplexer and demultiplexer insertion losses. 
For the purpose of this work, one of the key interface parameters specified in the 
application codes is ‘maximum central wavelength deviation’. Currently, all 
applications specified in G.695 specify the ‘maximum central wavelength deviation’ of 
a CWDM source to be ±6.5 nm. A CWDM source’s upper and lower wavelength bound 
can be defined using a channel’s nominal central wavelength and the ‘maximum central 
wavelength deviation’. The upper and lower wavelength bounds are the wavelength 
limits placed on the centre wavelength of the source under all conditions and the limits 
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under which the multiplexers and demultiplexers must operate [1] [7]. These 
wavelength limits will be discussed further, later in the Chapter. 
The ±6.5 nm wavelength deviation is a compromise. If it is too small, then the system 
approaches the complexity and cost of a DWDM implementation while if it is larger the 
number of possible channels is too low and the system is uneconomic. The ±6.5 nm 
deviation from the nominal central wavelength of the laser is determined by a number of 
factors. An acceptable wavelength variation around the nominal wavelength is allowed 
in order to achieve a higher yield in manufacture and/or a relaxed fabrication tolerance 
and in particular the use of uncooled sources. As regards the latter issue, laser central 
wavelength is known to drift with temperature. For DWDM systems tight control of 
wavelength is required and hence tight control of temperature. In CWDM systems 
temperature control is not implemented and hence wavelength drift will occur within the 
specified temperature range of the laser. In addition to these two factors, the lasers in 
use are being directly modulated by a data stream typically using on-off keying (OOK). 
With the output of the laser being the carrier, modulation will introduce changes in the 
central wavelength.  These processes include source chirp and broadening due to self-
phase modulation [7]. 
CWDM lasers operating up to speeds of 10 Gbit/s are also directly modulated as this 
removes the need for an external modulator which reduces cost. Direct modulation of 
the laser may result in localised changes in the device’s refractive index and in turn lead 
to changes in the radiation wavelength of the device with the time scale of a single bit 
interval. This effect is known as chirp. As the laser is driven by a modulation current, 
the carrier density in the device changes and hence the refractive index of the cavity 
changes causing the laser wavelength to vary [12] [13]. A further cause of chirp is due 
to self-phase modulation. This is due to high optical signal intensities which can reduce 
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carrier densities, impacting the refractive index of the cavity and varying the 
wavelength [14]. A typical value of chirp in a Distributed FeedBack laser (DFB laser) is 
1.2 GHz/mA (for a 20 mA change in drive current there is a wavelength change of 
approximately 0.2 nm) [15]. As the change in the radiation wavelength is happening on 
a bit interval time scale, in effect the source will appear to have a larger linewidth. In 
terms of possible interference between channels this almost instantaneous change in the 
wavelength cannot be treated as a wavelength drift per se, but due to the effective 
broadening of the source spectrum, spectral components of a source may impinge into a 
multiplexer or demultiplexer’s stop band before its central wavelength does as shown in 
Figure 2-2. In addition, this apparent broadening of the source linewidth plays a 
significant role in the impact of chromatic dispersion of the link. 
 
Figure 2-2 Laser drifting into the stop band of an ideal multiplexer. 
 
CWDM sources typically use DFB lasers. Table 2-3 shows an overview of different 
optical source types. As can be seen, DFB lasers cover the entire CWDM spectrum and 
offer bit rates up to 10 Gb/s under direct modulation. In addition, a DFB laser’s low rate 
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of wavelength drift with temperature at 0.1 nm per degree Celsius, makes them suitable 
as uncooled sources in comparison with Fabry-Perot laser diodes which have poorer 
typical wavelength drift rates of 0.4 nm per degree Celsius [9]. 
Table 2-3 Overview of light sources, Reproduced from Coarse Wavelength Division Multiplexing - 
Technologies and Applications - Chapter 3, Hans Jorg Thiele, Marcus Nebeling. 
Source 
type 
Relative 
cost 
Output 
power 
(dBm) 
Wavelength 
range (nm) 
Modulation Application 
LED Very low <0 850 155 Mb/s LAN 
Fabry Perot Low 3 850, 1310 2.5 Gb/s Access 
VCSEL Low 0 850, 1310, 1550 
Up to 10 
Gb/s 
Access 
DFB Medium 6 1270 – 1610 
Direct: 2.5 
– 10 Gb/s 
CWDM, 
metro 
FGL Medium 3 1550 2.5 Gb/s Metro 
EA-EML High 0 
1310, 1550 – 
1590 
Direct: 2.5 
– 40 Gb/s 
Metro 
regional 
 
Linewidth is often defined for Fabry-Perot laser diodes in terms of the Full-Width Half-
Maximum (FWHM) of the optical field power spectrum with typical values of 5 nm, 
which may include multiple lasing modes, see Figure 2-3. DFB lasers have much 
narrower linewidths, typically 0.08 pm (sometimes specified as a 10 MHz linewidth 
which converts to 0.08 pm at 1550 nm) and is often measured as the width of the 
spectrum at -20 dB from the peak power, see Figure 2-3.  
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Figure 2-3 Laser diode linewidths. 
In practice, DFB lasers acceptable for use in CWDM systems will have much wider 
linewidths. As discussed previously DFB lasers in CWDM systems are typically 
directly modulated and as a result experience chirp. A short survey of laser diode 
devices for CWDM applications typically shows a maximum linewidth of the lasers as 
< 1 nm, which includes a contribution from chirp. With a source’s linewidth playing a 
significant role in a links chromatic dispersion, Fabry-Perot sources are only suitable for 
short links. 
 
2.5 Temperature dependent wavelength drift 
This Section will discuss the operating temperature of electronic systems to put into 
context the specific case of CWDM laser sources that have a typical operating 
temperature range of 0°C to 70°C and this temperature range’s impact on wavelength 
drift.  
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When discussing temperature in the context of electronics, one must first consider that 
the temperature of the surrounding air, the component case and the semi-conductor 
materials in the component will all be at different temperatures. As a result, 
manufacturers typically use the following definitions: 
 TA = Ambient temperature. This is the temperature of the environment, still air. 
 TC = Case temperature. This is the temperature of the case of the semiconductor 
device. 
 TJ = Operating Junction temperature. This is the temperature of the device 
circuit itself under given operating conditions [16].  
The operating junction temperature is a key temperature parameter as many physical 
properties of semiconductors are temperature dependent. Electronics manufacturers 
typically specify the maximum operating temperature (operating junction temperature 
often shortened to operating temperature) of semiconductor components into four 
temperature ranges [17].  
 Commercial: 0°C to 70°C 
 Industrial: -40°C to 85°C 
 Automotive: -40°C to 105°C 
 Military: -55°C to 125°C 
Historically many electronic components were specified over the military range due to 
the large proportion of sales in military applications. More recently, as can be seen in 
Figure 2-4, due to the huge growth of computing and telecommunication applications 
for semiconductors that account for 74% of the total market [18], it has become 
uneconomic to manufacture and test components that are guaranteed to operate outside 
of the commercial temperature range of 0°C to 70°C [17]. As a result of this and the 
convergence of the computing and telecommunication industries, a large proportion of 
telecommunications equipment is rated at a commercial grade.  
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Figure 2-4 2016 Total IC usage by system type ($291.3B) Source IC Insights [18] 
Furthermore, computing and telecommunication equipment, such as CWDM modules, 
is usually operated in controlled environments. The ITU-T specifies five basic 
environmental classes, two of which are indoor, one temperature controlled and the 
other non-temperature controlled. An indoor temperature controlled environment is 
specified as typically having a temperature range of 5°C to 40°C [5].  An alternative 
source of building temperature guidelines is The American Society of Heating, 
Refrigerating and Air-Conditioning Engineers (ASHRAE) who publish thermal 
guidelines for data processing environments that include as well as data centre type 
facilities, both telecom facilities and communications rooms/closets [19]. In the 
ASHRAE document ‘Thermal guidelines for data processing environments’, the term 
‘server’ is used to generically describe any IT equipment such as servers, storage, 
network products, etc. used in datacentre-like applications [20]. ASHRAE publish 
thermal guidelines for a number of environmental classes with classes A1, A2, A3 & 
39.3%
34.7%
10.7%
7.4% 7.0%
0.9%
Communications Computer Consumer
Automotive Industrial/Medical Government/Military
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A4 being applicable to “datacentres”, with varying levels of environmental control from 
tightly controlled to some control. Class A4 (the lowest level of control) has the widest 
range of allowable temperature at 5°C to 45°C [20].  
It can be assumed that CWDM sources and modules will typically be operated in 
temperature controlled environments and that passive cooling technologies such as heat 
sinks or fans will be capable of maintaining the laser diodes operating temperature 
between the 0°C to 70°C range. This supports the contention that the allowable 
wavelength variation for a source due to manufacturing is typically ±3 nm (that 
accounts for six of a possible 13 nm) which leaves a wavelength variation of 7 nm for 
changes in temperature from 0 – 70°C assuming a wavelength rate of change of 0.1 nm 
per degree Celsius for a typical laser [9].  
As CWDM lasers are typically specified at 25°C the allowable thermal drift is 
asymmetric, 25°C to 0°C and 25°C to 70°C. As a result of this, the wavelength drift is 
also asymmetric. To account for this and keep lasers within their allowable ±6.5 nm 
wavelength deviation, the standards allow for CWDM lasers central wavelength to be 
offset by 1 nm from the central wavelengths defined in G.694.2. To better understand 
why, Figure 2-5 shows a system with the nominal central wavelength, 1551 nm, will use 
a source that at 25°C is 1550 nm. With a ±3 nm variation in wavelength due to 
manufacturing, the wavelength of the laser at 25°C at one extreme would be 1547 nm 
and the other extreme, 1553 nm. 
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Figure 2-5 Variation in wavelength of laser due to manufacturing. 
For the same laser, changes in temperature from 25°C to 0°C and from 25°C to 70°C 
will cause an additional change in wavelength of -2.5 nm and +4.5 nm respectively. As 
can be seen in Figure 2-6 when the laser manufacturing variation is at its -3 nm extreme 
changes in temperature will cause the wavelength to drift between 1544.5 nm and 
1551.5 nm.  
 
Figure 2-6 Variation in wavelength due to changes in temperature of a laser with a central 
wavelength variation of -3 nm due to manufacturing. 
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At the other extreme when the laser manufacturing variation is at +3 nm as in Figure 
2-7 changes in temperature will cause the total wavelength drift to lie between 
1550.5 nm and 1557.5 nm
 
Figure 2-7 Variation in wavelength due to changes in temperature of a laser with a central 
wavelength variation of +3 nm due to manufacturing. 
As can be seen in Figure 2-6 and Figure 2-7, as a result of the offset the laser will be 
limited to drifting between 1544.5 nm and 1557.5 nm even though the temperature and 
consequent wavelength drift is asymmetric. It should be noted that a considerable 
saving can be made by not temperature controlling the CWDM source itself, for 
example using a thermoelectric cooler, but by ensuring that the laser diode device itself 
operates within a 0°C to 70°C operating temperature range. This does not mean that 
vendors cannot supply equipment that can operate reliably in harsher environments such 
as outdoor enclosures. Trade-offs can be made such as reducing the wavelength 
variation due to manufacturing to allow for greater wavelength variation due to 
temperature or by introducing some form of limited or coarse temperature control which 
would negate some of the cost saving usually made in CWDM systems. 
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2.6 CWDM system modelling 
The aim of this thesis is to implement a wavelength monitoring system for use in 
CWDM systems. Implementation requires a system specification to be developed with 
specifications such as resolution, accuracy, and minimum channel power required. 
Wavelength measurement systems are already commercially available, some with 
wavelength accuracies of picometers. Such accuracy comes of at price, both financial 
and in terms of reliability with many of these systems being benchtop devices. A 
wavelength monitoring system for use in CWDM would need to be rugged, reliable and 
be relatively low cost as it may be required to monitor a link for extended periods of 
time. To develop a system specification that fully meets the requirements of a CWDM 
monitoring system but does not greatly exceed them, which would negatively impact 
cost, ruggedness and reliability, requires an understanding of how changes in transmitter 
wavelength affect system performance. A good starting point for this is a system model 
that would give a better understanding of how changes in wavelength affect a CWDM 
network’s performance and hence would inform the system specification.  
A number of methods exist for modelling optical communications systems. A numerical 
model can be developed using a fundamental understanding of the components that can 
be implemented using C++, Java or Matlab [21] [22]. There are also a number of 
bespoke optical communications modelling software packages available e.g. FOCSS, 
Lightsim, ModeSYS, OptSim and OptiSYSTEM. It was decided that a software 
package for transmission system modelling would be used instead of modelling a 
system directly in C++ or Matlab, as these packages provide extensive libraries of 
optical components such as transmitters, receivers, fibres and multiplexers. A complex 
model can then be built and validated rapidly with extensive graphical output 
capabilities [23]. The author decided to use the OptiSystem package by Optiwave 
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Systems Inc. as it allows rapid validation of the multiple components required to model 
a CWDM system and an investigation showed that OptiSystem is well suited to this 
application as it has been used previously by several authors in the simulation of similar 
problems [24] [25] [26]. It provides straightforward access to component and system 
characterisation data with automatic parameter sweep and optimisation algorithms and 
extensive reporting functions [27]. 
Note that although OptiSystem allows the rapid modelling of complex systems using its 
library of components, it is not the intention of this research to create a model that 
simulates all aspects and parameters of a CWDM system but instead to create a model 
that can answer specific questions and provide insights into how wavelength drift 
impacts the operation of a CWDM system. This means that the model can be greatly 
simplified and for example, component parameters such as the return loss of a 
multiplexer can be ignored as the impact of that parameter will have little effect on the 
purpose of the simulation in question. When using a component from the OptiSystem 
library it should be noted that they are generic parts, often with a wide selection of 
customisable parameters allowing for the simulation of real world components 
engineered using different technologies. As will be discussed later, using the available 
data from manufacturers, models of the CWDM components can be built.  To ensure 
the overall model can be used to provide the necessary insights and answers, the 
specification and validation of the parameters of key components in the model will need 
to draw from a range of data sources, such as manufacturers source data, ITU-T 
recommendations and other commercial data were available. 
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2.7 Worst-case analysis 
Worst-case design and worst-case analysis are common methods of designing and 
analysing optical communication systems. Both ITU-T G.957 – Optical interfaces for 
equipments and systems relating to the synchronous digital hierarchy (SDH) and ITU-T 
G.955 – Digital line systems based on the 1544 kbit/s and the 2048 kbit/s hierarchy on 
optical fibre cables, specify worst-case design approaches for the design of optical links 
as well as statistical design approaches [28] [29]. With regard to the CWDM model 
being developed here, a worst-case design model will be used for the following reasons. 
 Worst-case analysis and design are common practice in the modelling and 
design of optical communications systems and are defined in ITU-T 
recommendations. 
 Parameters in G.695 and G.671 are typically specified as worst-case values [7] 
[30]. 
 Where statistical data may be desirable it is often difficult to obtain due to lack 
of availability or the commercially sensitive nature of the data. 
 Freely available commercial data sheets may be the only source of parameter 
values due to the non-standardisation of recommendations such as ITU-T G.671. 
These data sheets typically supply maximum and minimum worst-case values of 
parameters. 
A worst-case analysis has the disadvantage in that it can be very pessimistic. However, 
in this case, as emphasised above, the analysis here is being applied not to design a 
CWDM system but rather to specify a wavelength monitoring system, in order to better 
understand the impact of wavelength drift on CWDM system performance, so as to 
better specify a wavelength monitoring system a model based on a worst-case analysis 
is thus acceptable. 
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2.8 Model Overview 
To model wavelength drift in a CWDM system, an obvious starting point would be to 
model a system with just two sources and two receivers. However, it is advantageous to 
align the choice of system with the system configurations available in the standards. In 
the ITU-T standards, different system configurations are referred to as “applications”. 
From the ITU-T G.695 standard, the simplest application is a four-channel 
unidirectional system with other applications being more complex with more channels 
and possibly bidirectional operation [7].  As discussed in Section 1.6 the wavelength 
monitoring system will perform long term monitoring of wavelength drift in live 
systems, at a single wavelength, hence the application is of a black link type. A simple 
four-channel unidirectional black link type system is referred to in the standard as S-
C4L1-1D2. The application code legend is explained in Figure 2-8. ITU-T G.695 
supplies a list of physical layer parameters for each application code, with the 
parameters for S-C4L1-1D2 listed in Figure 2-9.   
 
Figure 2-8 Legend explaining the proposed application code to be modelled 
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Figure 2-9 Reproduced from ITU-T G.695, table with CWDM physical layer parameters, including 
those of application code S-C4L1-1D2 [7] 
Another macro level choice in developing the model is the selection of the bit rate. 
ITU-T G.695’s lowest bitrate (for unidirectional systems) is 2.5 Gbit/s. 10 Gbit/s is 
possible and allowed for in the standards but the selection of a lower bit rate simplifies 
the model for the purpose intended in this work by reducing the effect dispersion plays 
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in modelling a CWDM system and on measurements such as link BER. As regards 
system span or length, selecting a long-haul link application code gives some flexibility 
in varying a link’s attenuation. Finally, one needs to select the fibre type. ITU-T 
G.652.D singlemode fibre is one of the most widely deployed singlemode optical fibres 
[31] [32]. ITU-T G.652.D was standardised in 2003 and has been developed specifically 
for the implementation of CWDM, having a low water peak allowing operation over the 
CWDM wavelength range and a low Polarisation Mode Dispersion (PMD) making it 
suitable for operation at 2.5 Gbit/s and 10 Gbit/s.  
Figure 2-10 shows a block diagram of the four-channel unidirectional CWDM link, 
aligned with the S-C4L1-1D2 application code, which is to be modelled, where four 
transmitters send data to their respective receivers. By allowing the wavelength of Tx1 
to drift towards that of Tx2, the model will examine the effect this has on the systems 
performance. 
 
Figure 2-10 Block diagram of a four-channel unidirectional CWDM link 
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2.9 Summary 
Having investigated wavelength drift in CWDM systems, especially in the context of 
temperature dependent wavelength drift a simple model was proposed using a typical 
application from ITU-T G.695. OptiSystem was chosen as the simulation platform due 
to its ease of use, the variety and flexibility of its inbuilt components and similar models 
being built simulated on the platform in the past. 
The following Chapter will first consider how the performance of a CWDM system 
should be measured, especially in the context of wavelength drift. The individual 
components of the system model, in Figure 2-10, will then be validated. Subsequently, 
using the model, the effect of wavelength drift on CWDM system performance will be 
examined and a minimum acceptable value of wavelength accuracy will be calculated. 
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3 Using the model to determine the accuracy with 
which wavelength needs to be measured.  
A key specification of any measurement system is its accuracy.  One of the key aims of 
this thesis is to specify a low-cost wavelength measurement system for use as a long-
term wavelength monitoring solution.  The accuracy with which the solution must 
measure wavelength will have an impact on the possible technologies that can be 
selected to measure wavelength and on the complexity and hence cost of the solution.  
As a result, the minimum acceptable value of wavelength accuracy is a key 
specification. This Chapter will investigate the use of Bit Error Ratio (BER) as a means 
of measuring system performance and its use in a novel approach in determining a 
minimum wavelength accuracy, having first considered a number of other approaches. 
Having linked BER to wavelength accuracy the model proposed in Chapter 2 is 
validated and a worst-case model is prepared. The model is then run, calculating a 
minimum wavelength accuracy for the proposed CWDM wavelength monitor. 
3.1 An overview of approaches to determine wavelength 
accuracy. 
A number of approaches to determine acceptable wavelength accuracy were considered 
and are described in this Section. One approach to setting the accuracy is to let a chosen 
technological solution determine the best-case accuracy possible. A survey of 
commercial CWDM wavelength measurement instruments (often called CWDM 
channel analysers) shows they typically have wavelength measurement accuracies in the 
order of ± 1 nm, for example the Anritsu MU909020A, JDSU COSA-4055 and the 
JDSU OCC-55 have wavelength measurement accuracies of ± 1 nm, ± 0.5 nm and 
± 0.2 nm respectively. However, the accuracy of such instruments does not appear to be 
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set by any particular test and measurement requirement or industry standard but by the 
limitations of the technology employed to measure wavelength or the need to get a 
competitive specification advantage over a rival instrument manufacturer. As described 
in Chapter 1, this thesis sets out to develop a system specification for a CWDM 
wavelength monitor, independent of the implementation approach. In turn one of the 
core objectives of this thesis is to develop an analytic approach in determining the 
required wavelength accuracy of a wavelength monitor for CWDM systems. 
development of a system specification to measure wavelength drift 
Apart from letting a technological solution determine the available accuracy, another 
approach to determining the acceptable wavelength accuracy required is to consider the 
issue from a power penalty perspective. This offers the advantages of simplicity and 
familiarity as power penalties are commonly used as a measure of system noise or a 
way to measure or characterise the effect of varying some system variable such as laser 
diode parameters [33]. A power penalty can be defined as the increase in receiver power 
needed to eliminate the effect of some undesirable system noise or distortion elsewhere 
in a transmission link. In a CWDM system if one assumes that a channel’s wavelength 
drifts beyond its maximum wavelength deviation of 6.5 nm, then as expected system 
performance is degraded. Defining a “wavelength drift” power penalty would allow a 
system designer to account for this degradation caused by this excess wavelength drift 
to allow the system to remain operational in the event of excessive drift. For example, 
an excess wavelength drift of X nm causes a degradation in system performance that 
can be corrected by a 1 dB power penalty. Using this logic and using 1 dB as a 
reasonable power penalty it can be said that the accuracy of the wavelength monitor 
needs to be better than X nm, on the basis that the system designer has “accounted for 
possible excessive drift of up to X nm, by the inclusion of a 1 dB power penalty in the 
system design”. This approach was not pursued as there are no consistent values 
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assigned to power penalties in general use and by implication for CWDM wavelength 
drift.  Power penalty values chosen, depend on the application and frequently on “rules 
of thumb” so picking a particular value of power penalty to equate with a wavelength 
drift would be somewhat arbitrary. 
The chosen approach arose from observations of the results from a model of how 
wavelength drift impacts the most important system parameter in CWDM systems, 
which is error performance. 
In the initial simulations of a CWDM system using OptiSystem, it was noticed that 
simulated measurements such as BER (bit error ratio, a measure of system performance) 
were inconsistent, with the results changing every time the simulation was rerun. This 
was expected since OptiSystem calculates the BER using the received signal’s signal-
to-noise ratio. Noise is a random process and statistical in nature so every time the 
simulation is rerun the number of noise induced errors will vary. It was further 
discovered that as the noise has a Gaussian distribution, that repeated BER 
measurements also had a Gaussian distribution and by taking many BER measurements 
that an average more accurate value for BER could be calculated. Using this average 
value of BER plus one or two standard deviations gives a value of BER that is a 
statistical outlier, defined here as BERworst-case. Given a model of the CWDM link 
operating at its nominal wavelength +6.5 nm and its maximum allowable BER (average 
value over multiple simulations) and an outlier BER value of BERworst-case, the key 
question is what wavelength drift beyond 6.5 nm will result in a new deteriorated 
average BER measurement equal to the previous BERworst-case. This change in 
wavelength can then be used as the upper limit on excessive wavelength drift and hence 
would be a reasonable estimate of accuracy. In effect, the statistical uncertainty in the 
BER simulation can be equated to an equivalent amount of wavelength drift. 
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In practice, the OptiSystem package allows one to control the BER statistics by 
controlling the bit sequence length used during a simulation2. By increasing the number 
of bits transmitted more accurate values of noise are obtained and hence more consistent 
values of BER with a smaller statistical variation can be obtained. This effectively 
negated the approach being considered since as longer bit sequences are simulated, the 
variation of the BER measurement result on repeated simulations kept falling.  
However, while the limitations of the OptiSystem package did not allow the reliable use 
of BER statistics to infer an acceptable wavelength accuracy, nevertheless the principle 
of the approach, that is that a better knowledge of the statistics of bit error performance 
could be used to infer a wavelength accuracy, remained valid and formed the foundation 
of the approach chosen. To link the statistics of bit error performance to wavelength 
accuracy requires an approach that is more analytical and does not suffer from the 
limitations of the OptiSystem package. 
3.2 System performance using Bit Error Ratio 
In this Section, an analytical model is developed of the bit error processes in a digital 
transmission system as a means to determine the accuracy with which wavelength needs 
to be measured for CWDM monitoring. As described above, the approach chosen to 
define acceptable wavelength accuracy for the CWDM monitor involves inferring the 
accuracy required from the statistics of error performance. This, in turn, requires an 
                                                 
2 A simulation run using a longer bit sequence length will result in more realistic results. A doubling in bit 
sequence will typically result in a doubling of simulation time. Although OptiSystem allows a wide range 
of bit sequence lengths, it was found that the software crashed due to the limited computer memory when 
excessive bit sequence lengths are used. 
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analytical understanding of these statistics. This Section begins therefore with a 
summary of the basics of Bit Error Ratio (BER) measurement in digital transmission 
systems.  
System performance in telecommunications systems often uses the dimensionless 
coefficient bit error ratio or the bit error rate. These terms are often confused and in 
some cases are used interchangeably, hence they will need to be defined. The Bit Error 
Ratio (BER) is the ratio of the number of bit errors divided by the total number of 
transmitted bits, whereas the bit error rate is the number of errors per unit time. As a 
convention for any further references in this thesis to ‘bit error ratio’ the abbreviation 
BER will be used, with the term ‘bit error rate’ not being used in the thesis. ITU-T 
G.695 sets the maximum BER for a CWDM system at 1x10-12, that is, on average, one 
error for every trillion bits transmitted [7].  If a telecommunication system has a 
maximum BER of 1x10-12, we can assume that for every trillion bits transmitted there is 
on average no more than one binary “1” being mistaken for a binary “0” or vice versa. 
Efforts to measure the BER of a link can be made using a Bit Error Ratio Test-set 
(BERT). In practice, a BERT measures the bit error ratio using a limited number of 
transmitted bits. Figure 3-1 shows a telecommunications link under test by a BERT.  A 
known sequence of bits is generated using a Pseudo-Random Bit Sequence (PRBS) 
pattern generator.  This sequence of bits is modulated by the transmitter, sent over the 
channel and regenerated by the receiver where the error counter compares the received 
bits to the known transmitted signal.  By dividing the number of errors counted by the 
total number of bits received the BER can be calculated.  
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Figure 3-1 System under test by a bit error rate test set 
The quality of a BER measurement improves with an increase in the total number of 
transmitted bits and as the number of bits increases, confidence in the accuracy of the 
BER improves.  
The following argument explains this reasoning. One of the advantages of using optical 
fibre is the fibre’s immunity to electromagnetic interference. As a result, the dominant 
source of noise in a link is in the receiver [34]. There are three main sources of noise in 
a receiver: thermal noise; shot noise and quantum noise [35]. Due to the spontaneous 
nature of these noise sources bit errors are statistical in nature. To demonstrate how the 
statistical nature of bit errors effects BER measurements, Table 3-1 shows four sample 
results of the BERM (BERM, the BER measurement returned by a BERT) using an 
imaginary BERT. It is assumed that the imaginary link being tested has a statistical 
chance of an error occurring, of 1x10-12.  On say four consecutive occasions n = 1x10+12 
bits are transmitted and the number of errors k that occur are counted by the BERT. Due 
to the statistical nature of the noise in the link the number of actual errors detected on 
the four consecutive occasions may well vary, with four sample results shown in Table 
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3-1. The BERM of the four consecutive measurements can then be calculated by 
dividing k by n. However, by treating the four separate consecutive measurements as 
one long measurement the overall BERM calculated by adding the total number of 
transmitted bits and the total number of errors taken over the four separate consecutive 
measurements gives a more representative measurement of the BER as shown in Table 
3-1. 
Table 3-1 Sample BER tests of an imaginary link 
Measurement number 1 2 3 4 ∑ 1-4 
n – total number of 
transmitted bits 
1x10+12 1x10+12 1x10+12 1x10+12 4x10+12 
k – number of errors 
counted 
0 1 0 3 4 
BERM - 𝑘 𝑛⁄  0 1x10
-12 0 3x10-12 1x10-12 
 
Taken on its own, measurement #1 suggests that this is an ideal link with no errors 
occurring, but measurement #4 suggesting that the BERM is considerably worse than the 
1x10-12 BERM calculated over a larger number of n = 4x10
+12. The larger the value of n 
the closer the measured BERM is to the actual BER. 
This can be described by Equation 1. 
Equation 1 Probability estimate equation 
𝑃′(𝑘) =
𝑘
𝑛 𝑛→∞
→   𝑃(𝑘)    [36] 
Where,  
𝑃(𝑘) is the probability that an error will occur on a link 
𝑃′(𝑘) is an estimate of the true 𝑃(𝑘) 
k is the number of errors counted 
n is the number of bits transmitted 
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It can be deduced from Equation 1 that ideally an infinite number of bits must be 
transmitted to measure a true value of the BER and thus the probability that an error 
will occur. In practice, engineers have limited time to test links and hence methods have 
been developed that allow BER measurements over a fixed period of time. The question 
arises as to how long a BERT must be connected to a link to give an acceptable 
‘accurate’ BER. As an example, for a link operating at 2.5 Gbit/s, it will take 400 
seconds to transmit 1x10+12 bits.  As discussed above to be confident that such a link 
has a BER of better than 1x10-12 the BERT must count errors for many times 400 
seconds.  The key question is thus, how many bits must a BERT transmit, for a 
statistically valid test? 
3.3 Statistical confidence level in bit error ratio testing 
In practice, a statistical confidence level is typically used in the measurement of BER. 
i.e. the BER measurement of 1x10-12 is correct with a confidence in the measurement of 
95%. While a confidence level can be set at any percentage, texts on statistics will 
typically consider confidence levels of 90%, 95% and 99%. With regard to confidence 
levels of BER testing while 90%, 95% and 99% confidence levels can be found in the 
literature, the ITU-T and numerous industry sources consistently cite a 95% confidence 
level [5] [37] [38] [39] [40].  
Techniques have been developed that achieve an industry standard confidence level 
(E.g. 95%) in BER testing by transmitting a large but fixed number of bits in sequence 
without any errors. To analyse this, it is necessary to consider the statistical nature of 
error occurrence. This approach utilises the binomial distribution. The binomial 
distribution shows the probability of a success or failure of an event in an experiment 
that is repeated multiple times. The binomial distribution can be used in BER analysis 
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as the transmission of an individual bit can be analysed as a success or failure (a bit 
error) with multiple bits being transmitted.  
Equation 2, specifies the number of times k that an event occurs in n independent trials 
where p is the probability of the event occurring in a single trial. It is an exact 
probability distribution for any number of discrete trials [41]. 
Equation 2 Binomial distribution function 
𝑃𝑛(𝑘) =
𝑛!
𝑘!(𝑛−𝑘)!
 𝑝𝑘𝑞𝑛−𝑘 [42] 
𝑃𝑛(𝑘) is the probability that k events occur in n trials, 
Where: 
An event is taken to mean the occurrence of a single error in a bit  
n is the number of trials i.e. in this case, the number of bits transmitted 
k is the number of events i.e. the number of bits which are in error 
p is the probability of an event occurring i.e. a bit error 
q is the probability of an event not occurring i.e. no bit error, thus q = 1- p 
The following conditions must be met for a binomial distribution to be valid [43]. 
 The number of observations n is fixed (Number of bits transmitted). 
 Each observation is independent (The probability of a bit being a ‘1’ or ‘0’ is 
not determined by the previous bits transmitted, true for random data in 
optical communications systems). 
 Each observation represents one of two outcomes, "success" or "failure" (Bit 
without error or a bit error). 
 The probability of "success" p is the same for each outcome (E.g. the 
probability of an error occurring is 1x10-12). 
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The probability that an error occurring is independent of the previous event can be 
considered true for optical communications systems where, burst errors are unlikely 
since the transmission medium (fibre) is immune to external interference. 𝑃𝑛(𝑘) is the 
probability that k errors will occur during a set number of transmitted bits n. Using 
these probabilities (the binomial distribution) the confidence level (the odds) that no 
more than N errors will occur during the transmission of n bits can be calculated, see 
Equation 3. 
Equation 3 BER confidence level. 
𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝐿𝑒𝑣𝑒𝑙 = 1 −∑𝑃𝑛(𝑘)
𝑁
𝑘=0
 
Due to the factorial in Equation 2, 𝑃𝑛(𝑘) is difficult to evaluate for large values of n 
(e.g. n=1x10+12!) [44]. An alternative is to use the Poisson Limit Theorem allowing 
Equation 3 to be solved for n. Poissons’ Limit Theorem3, states that if 𝑛 → ∞, 𝑝 →
0 𝑎𝑛𝑑 𝑛𝑝 → 𝜆 then the binomial distribution can be approximated by ( Poisson Limit 
Theorem and the Poisson Distribution Function) [45], which can be more easily 
evaluated, see Equation 4.  
Equation 4 Poisson distribution 
𝑷𝒏(𝒌) =
𝒏!
𝒌! (𝒏 − 𝒌)!
 𝒑𝒌𝒒𝒏−𝒌
𝒏→∞
→  
(𝝀)𝒌
𝒌!
𝒆−𝝀     
As previously discussed the ITU-T and numerous industry sources consistently cite 
measuring the BER with a 95% confidence level. The technique employed requires the 
transmission of a large fixed number of consecutive bits (n), error free. If no errors 
                                                 
3 λ is the mean number of events in the interval. 
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occur during the transmission of these bits it can be said the links BER is better than the 
desired value with a 95% confidence level. This error free value of n will be large 
enough that we can be confident with a 95% confidence level that it is not just a 
statistical fluke. Using Equation 3 and Equation 4 and solving for n (number of bits to 
be transmitted), n can be found in terms of, N (the number of errors that occur during 
the transmission of n bits), a CL (confidence level) and p (the probability of an error 
occurring during the transmission of a single bit). If N = 0, (no errors occur) the 
equation can be simplified as in Equation 5, also detailed in [36]. 
Equation 5 Bits to be transmitted to achieve a given confidence level 
𝑛 = −
𝑙𝑛(1−𝐶𝐿)
𝑝
+
𝑙𝑛(∑
𝑛𝑝𝑘
𝑘!
𝑁
𝑘=0 )
𝑝
≈ −
𝑙𝑛(1−𝐶𝐿)
𝑝
   
Using Equation 5, with p = 1x10-12 (probability of a bit error occurring) and CL = 95%, 
it is found that n = 2.99573x10+12. In effect, if 2.99573x10+12 bits can be transmitted 
without any errors then one can be certain with a statistical confidence of 95% that the 
probability of errors occurring, the BER, is better than 1x10-12.  
Using Equation 5, Table 3-2 can be generated which shows how many bits must be 
transmitted with one, two or no errors occurring to achieve a given confidence level. 
Table 3.2 shows for example, that to be confident that the link BER is no worse than 
1x10-12 with a confidence level of 95% then 3.00 times 10+12 (3 times the inverse of the 
BER 4) bits must be transmitted without errors. If one error occurs during the first 
3x10+12 sequence of n bits, instead of assuming that the link has failed the BER test, the 
test should continue with 4.74 times 10+12 bits being transmitted with only one error to 
                                                 
4 2.99573x10+12 ≈ 3x10+12               3𝑥10+12 = 3x
1
10−12
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maintain the 95% confidence level. It can be legitimately asked what would happen if 
an error occurs 1000 bits short of achieving the 3x10+12 bit target. It can be said that 
there is little difference between 3x10+12 and [3x10+12 -1000]. Using Equation 5 and 
calculating for CL with n = [3x10+12 -1000] it will be found that the CL will have 
reduced by a very small amount (1x10-7 change in the percentage confidence level). To 
be certain that the BER is 1x10-12 with an exact 95% confidence level the test should be 
run to 4.74 times 10+12 as before.   
Table 3-2 N x BER for confidence levels 90%, 95% and 99%, reproduced from [42]. 
k Errors N x 1/BER 
 CL – 90% CL – 95% CL – 99% 
0 2.30 3.00 4.61 
1 3.89 4.74 6.64 
2 5.32 6.30 8.84 
 
3.4 Linking wavelength accuracy to BER 
The above Section considers the measurement of BER to a given confidence level, 
based on a knowledge of the statistics of error occurrence. This Section uses that 
knowledge to infer an acceptable wavelength accuracy.  Specifically, this Section draws 
conclusions regarding acceptable wavelength accuracy (when measuring drift) by 
modelling the impact of wavelength drift on BER.  
In Section 3.3 it was calculated that n = 3.00x10+12 bits must be transmitted without 
error to ensure the BER is no worse than 1x10-12 with a confidence level of 95%.  As a 
starting point, the Poisson distribution function is plotted using the probability of k 
errors occurring during the transmission of a fixed number of bits, as can be seen in 
Figure 3-2.  
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Figure 3-2 Plot of Poisson Distribution Function 
The curve shows the probability of a fixed number of errors k, occurring during the 
transmission of a fixed number of bits n = 3x10+12 bits given the probability of an error 
being 1x10-12. For example, the probability of exactly 2 errors occurring during the 
transmission of n bits is 22.4%. Likewise, the probability of 5 errors is 10.08%. The 
sum of the probabilities under the curve is 100%.  Note, that although the curve in 
Figure 3-2 is continuous, it cannot be used to calculate the probability of, for example, 
four and a half errors. An error will either have or have not occurred, hence they will 
always be whole numbers. Even though the BER (Bit error ratio as n → ∞) is 1x10-12 
there is a 10.08% chance that 5 errors will be counted during a sequence of n = 3x10+12 
bits. This means that there is a 10.08% chance that the bit error rate will be 
5 𝑒𝑟𝑟𝑜𝑟𝑠
3x10+12 bits
= 1.667x10−12. Table 3-3 shows the probability of k errors occurring, the 
cumulative probability of k errors occurring and the bit error rate for k errors occur 
during the transmission of n = 3x10+12 bits.  
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Table 3-3 Poisson Distribution 
k errors 
Probability of k 
errors occurring 
Cumulative 
probability 
Bit error 
rate 
0 4.9787% 4.9787% ∞ 
1 14.9361% 19.9148% 3.33E-13 
2 22.4042% 42.3190% 6.67E-13 
3 22.4042% 64.7232% 1.00E-12 
4 16.8031% 81.5263% 1.33E-12 
5 10.0819% 91.6082% 1.67E-12 
6 5.0409% 96.6491% 2.00E-12 
7 2.1604% 98.8095% 2.33E-12 
8 0.8102% 99.6197% 2.67E-12 
9 0.2701% 99.8898% 3.00E-12 
10 0.0810% 99.9708% 3.33E-12 
11 0.0221% 99.9929% 3.67E-12 
12 0.0055% 99.9984% 4.00E-12 
13 0.0013% 99.9997% 4.33E-12 
14 0.0003% 99.9999% 4.67E-12 
15 0.0001% 100.0000% 5.00E-12 
 
As previously discussed industry finds it acceptable to test a link’s BER to a confidence 
level of 95%. Figure 3-3 shows the same plot as in Figure 3-2 but with the shaded area 
showing the cumulative probability of k errors occurring up to 95%. This shows that we 
can be certain with a confidence of 95% that the number of errors k that occur during 
the transmission of n = 3x10+12 bits will lie within the shaded area. From Figure 3-3, we 
can say that we are 95% confident that no more than 6 errors will occur. Similarly, 
looking at the cumulative probability of k errors occurring in Table 3-3 it can be seen 
that when the cumulative probability has reached 95% (96.6491% is the closest value to 
95%, highlighted in Table 3-3) that a maximum of 6 errors could have occurred during 
the transmission of n bits. It can be said that we are confident to 95% that during the 
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transmission of n = 3x10+12 bits, with the probability that an error occurring on any one 
bit p = 1x10-12, that no more than 6 errors will occur. As 6 errors occurring would be the 
worst-case scenario for the 95% confidence level, one can calculate the BER for this 
scenario as: 
6 𝑒𝑟𝑟𝑜𝑟𝑠
3x10+12 bits
 making the worst-case BER with 95% confidence equal to 
2x10-12. 
 
Figure 3-3 Plot of Poisson Distribution Function with cumulative probability to 95% shaded 
 
As discussed, a system with a BER of 1x10-12 with the probability of an error occurring 
following a Poisson distribution will have a worst-case BER of 2x10-12 with 95% 
confidence. Considering that engineers measuring the BER of optical links routinely 
make measurements with a confidence level of 95%, this thesis will attempt to link 
wavelength drift to the calculated worst-case BER of 2x10-12.  
To investigate system performance and channel BER the following model, Figure 3-4, 
was built in OptiSystem. When Tx1 (nominal wavelength 1511 nm) has drifted by the 
maximum wavelength deviation of 6.5 nm towards the adjacent channel and is now at 
53 
1517.5 nm, and all other ITU-T G.695 parameters are at their worst-case values, for Rx1 
to successfully regenerate the signal the BER must not exceed 1x10-12. As will be 
discussed in further detail later, the fibre parameter ‘Length’ has been set so that when 
the wavelength drifts to 1517.5 nm the maximum BER of 1x10-12 of Rx1 set in ITU-T 
G.695 is reached but not exceeded in the simulation. 
 
Figure 3-4 Block diagram of optical path from Tx1 to Rx1 
 
The wavelength drift of Tx1 beyond the maximum wavelength deviation of 6.5 nm will 
then be simulated. As a result, the wavelength will now be drifting into the stop-band of 
the multiplexer and demultiplexer optical filters causing the attenuation experienced by 
this wavelength to increase and the links BER to deteriorate. The amount by which the 
wavelength must drift, (in excess of +6.5 nm) to cause the links BER to deteriorate to 
2x10-12, (the previously discussed ‘worst-case’ BER) can be considered an acceptable 
value of wavelength accuracy. This excess drift will be written as λexcess.  
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We must remember that one of the key aims of this thesis is to specify a low-cost 
wavelength measurement system for use as a long-term wavelength monitoring 
solution. If a channel’s wavelength is being measured by the specified wavelength 
monitor with an accuracy of ± λexcess, when it reports a wavelength of 1517.5 nm, (the 
1511 nm channel that has drifted by the 6.5 nm maximum wavelength deviation) the 
worst-case scenario would be that the actual wavelength is 1517.5 nm + λexcess. In this 
case, the channels wavelength will have drifted by λexcess into the stop-band of the 
multiplexer and demultiplexer optical filters degrading the BER to the previously 
calculated value 2x10-12. It can be argued that this ‘error’ in accuracy could result in a 
degradation of the BER that is equivalent to the confidence level with which bit error 
rate is measured. That is, an engineer will accept that a BERT that is returning a BERM 
of 1x10-12 with a 95% confidence level could actually, if measured for longer periods of 
time, have a BER of 2x10-12 which is equivalent to a wavelength measurement 
inaccuracy that results in, under the condition discussed, the same BER of 2x10-12.  
 
3.5 Parameter selection and validation for the model. 
As previously discussed in Section 2.6 - CWDM system modelling, the components in 
OptiSystem are generic parts, each with a wide selection of customisable parameters. 
This Section will look at the parameters of the various components in the model in the 
context of the model in Figure 3-4. The transmitter, receiver and optical fibre will be 
considered, with a specific focus placed on the multiplexer and demultiplexer as they 
are to a very significant extent the most wavelength dependent components employed in 
the system. Given that the purpose of the model developed here is to explore the impact 
of wavelength drift, this means that the multiplexer and demultiplexer parameters are of 
particular importance.  
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3.5.1 Multiplexer / demultiplexer parameters (mux/demux) 
The multiplexer and demultiplexer will play a vital role in the model. When the optical 
transmitter’s wavelength drifts outside the passband of the mux/demux it becomes 
highly wavelength selective. As will be discussed later the multiplexer and 
demultiplexers input and outputs are modelled using an optical filter. The filters are 
strongly wavelength dependent especially outside the passband of the filter due to their 
large roll-off. Hence it is important to understand the main parameters of the 
multiplexer and demultiplexer and how OptiSystem models them. Figure 3-5 shows the 
different subsystems used by OptiSystem to model the multiplexer and demultiplexer. 
Many manufacturers could easily use the same block diagram to describe their devices, 
and while they may use different technologies and techniques to implement the 
coupling, splitting and filtering, the basic principle holds. It should be noted that the 
multiplexer and demultiplexer are very similar devices, their main difference being that 
one combines and the other splits. In practice, the same component is often configured 
to implement either a combiner or splitter, for example, a three-port optical coupler can 
be configured as either a one to two port splitter or a two to one port combiner. As a 
result, most manufacturers supply one device type that can be configured as either a 
multiplexer or demultiplexer.  
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Figure 3-5 Components and subsystems of the Multiplexer and Demultiplexer models. Reproduced 
from OptiSystem component library. 
 
ITU-T G.695 does not directly specify multiplexers or demultiplexers but references 
ITU-T G.671 - Transmission characteristics of optical components and subsystems. 
Within ITU-T G.671 are the parameters for numerous optical components including 
those for a CWDM optical wavelength mux/demux. In addition, ITU-T G.671 contains 
definitions for the parameters of each component. Unfortunately, the current version of 
ITU-T G.671 (02/2012) does not specify the values of any of the parameters of a 
CWDM mux/demux and as a result, they are not standardised but defined as being ‘for 
further study’.  An alternative reasonable source of data is a detailed survey of 
commercially available parts. Table 3-4 shows a wide selection of commercially 
available four-channel CWDM mux/demux devices with their main operating 
parameters. Each component can be implemented as either a multiplexer or 
demultiplexer. 
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Table 3-4 Commercial four-channel CWDM Multiplexer and Demultiplexer specifications 
Parameter 
numbering 
1 2 3 4 5 6 7 8 9 
Parameters5 
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Units nm dB dB dB dB dB ps dB dB 
Accelink 
Technologies 
≥ 14 ≤ 0.5 1.6/2.0 ≥ 30 ≥ 45 ≥45 ≤ 0.10 ≤ 0.15 ≥ 50 
Cube optics > 13  NA/1.9 > 30 > 40 > 45  < 0.2 > 50 
AFL Global > 14 < 0.5 1.6/2.0 > 30 > 45 > 45 < 0.10 < 0.15 > 50 
Senko 13 ≤ 0.5 ≤ 1.5 ≥ 30 ≥ 40 ≥ 45 ≤ 0.20 ≤ 0.20 ≥ 50 
Opto-Link > 14 < 0.5 1.6/2.0 > 30 > 45 > 45 < 0.10 < 0.15 > 50 
3M > 13 < 0.5 1.1/1.6 > 30 > 45 > 48 < 0.20 < 0.30 > 55 
Transition 
Networks 
13 ≤ 0.5 < 2.0 >30 > 40 > 45  < 0.2 > 50 
Fiberon 13 < 0.5 NA /1.5 > 30 > 40 > 50 < 0.10 < 0.15 > 55 
Grass valley 14 < 0.5 < 1.8 > 30 > 40 > 45   > 50 
 
From Table 3-4 it is clear that there are a wide variety of parameter specifications for 
multiplexers and demultiplexers. For modelling purposes, it is important to understand 
each of these parameters and in particular their role in the context of the objective of the 
modelling being undertaken here. For clarity, the parameters have been numbered 1 to 
9. It should be noted that these are not the only parameters specified on a multiplexer or 
                                                 
5 In practice, individual manufactures may specify other parameters; however, these parameters cannot be 
seen as relevant to the work of this thesis.  
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demultiplexers data sheet, there are numerous other environmental and mechanical 
parameters typically specified, but these are not relevant to this work. Parameters 1 to 9 
were chosen for inclusion in Table 3-4 as these optical parameters could be considered 
relevant to modelling the effect of wavelength drift on the performance of a CWDM 
system with each parameter investigated further below. 
Figure 3-6 illustrates the main wavelength domain parameters of multiplexers and 
demultiplexers, that is parameters 1, 2 & 3 in Table 3-4. 
Nominal central wavelength 
Channel 
wavelength 
range 
0 dB Reference
Peak Insertion Loss
Ripple
MUX / DEMUX 
input filter 
response
λ in nm
1551 1557.51544.5
 
Figure 3-6 Illustration of mux/demux optical parameters, adapted and consolidated from ITU-T 
G.671. Parameters 1, 2 & 3 from Table 3-4. 
Passband - The passband, known as the ‘channel wavelength range’ in ITU-T 
G.671 is specified as the wavelength range within which a CWDM device must 
operate with a specified performance. The wavelength range is specified as a 
‘maximum channel wavelength deviation’ around a nominal ‘channel central 
wavelength’. ITU-T G.695 specifies the maximum channel wavelength 
deviation across all interface types to be ± 6.5 nm. ITU-T G.671 does define a 
1 dB and 3 dB passband width but the parameter is defined in relation only to 
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two defined components, ‘Tunable filters’ and ‘Optical add/drop multiplexer’ 
(OADM) subsystems (for WDM)’. Neither ITU-T G.671 nor ITU-T G.695 
defines the dB level at which the wavelength range should be measured. 
Looking at the data sheets of the devices from Table 3-4 every device specifies 
the “passband” for each channel having been measured at 0.5 dB from the peak 
insertion loss. Using the standards and the commercial data the value of the 
‘maximum channel wavelength deviation’ to be used in the model is set to 
13 nm (± 6.5) at 0.5 dB. ITU-T G.695 states that the nominal central wavelength 
is used as a reference to define both the wavelength limits the transmitter may 
operate over and the wavelength limits that the multiplexer and demultiplexer 
specifications must operate to [7].  
Ripple – ITU-T G.671 defines ripple as the peak to peak insertion loss within a 
channel wavelength range. Given the limits of optical components, a flat pass 
band is rarely achieved. In practice, small variations may occur across the 
passband and are accounted for as so-called ripple. ITU-T G.671 defines the 
value of this parameter as being ‘for further study’. Using the ripple parameters 
from the commercial data, Table 3-4, it is clear that industry has in effect agreed 
on its value being < 0.5 dB. As ripple is the maximum difference in insertion 
loss with respect to wavelength the larger the value the greater the change in 
attenuation a channel will experience with changes in wavelength. Hence when 
industry specifies its value as < 0.5 dB, a worst-case value would be equal to 
0.5 dB. 
Channel Insertion loss – G.671 defines the channel insertion loss as the 
reduction in optical power between an input and output port of a WDM device 
measured in dB. ITU-T G.671 again defines the value of this parameter as being 
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‘for further study’. Looking at the commercial data in Table 3-4 this figure 
varies from manufacturer to manufacturer and is likely dependent on the 
technology being used to implement the multiplexer or demultiplexers. For the 
purpose of the model, a worst-case insertion loss will be used with a value of 
2 dB for both the multiplexer and the demultiplexers as all of the devices in 
Table 3-4 have insertion losses better than 2 dB. 
Channel isolation of a multiplexer or demultiplexer is a measure of a devices ability to 
reject wavelengths from a channel outside a wanted channels passband. The adjacent 
channel isolation is a devices ability to reject CWDM channels that use either the next 
lower or next higher nominal central wavelength. The nonadjacent channel isolation is a 
devices ability to reject CWDM channels other than the adjacent channels. Parameters 
4 & 5 of a multiplexer or demultiplexer from Table 3-4 are illustrated in Figure 3-7 and 
Figure 3-8, showing adjacent channel isolation and non-adjacent channel isolation 
respectively. 
Adjacent channel isolation – G.671 defines the adjacent channel isolation as 
the isolation of the adjacent channel when it is at its maximum wavelength 
deviation (6.5 nm closer the wanted channel). Figure 3-7 shows a wanted 
channel with a nominal central wavelength of 1551 nm and its adjacent channel 
which has a nominal central wavelength of 1531 nm. Both channels are allowed 
a maximum channel wavelength deviation of ± 6.5 nm. If both channels drift 
towards each other their wavelengths will be 1544.5 nm and 1537.5 nm as in 
Figure 3-6. It is at these wavelengths that the adjacent channel isolation is 
defined. In effect, the adjacent channel should be attenuated by this value in 
comparison to the wanted channel.   
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Figure 3-7 Illustration of adjacent channel isolation in a multiplexer or demultiplexer adapted from 
ITU-T G.671 
Looking at Table 3-4, for most commercial products the adjacent channel 
isolation is typically set to > 30 dB. As ITU-T G.671 defines the value of this 
parameter as being ‘for further study’ it is reasonable to use this industry value 
of > 30 dB in the model. As the adjacent channel isolation is a measure of a 
wanted channels rejection of an adjacent channel’s optical power the larger this 
is the better. Hence when manufacturers specify the adjacent channel isolation as 
being greater than 30 dB a worst-case value would be 30dB. 
Non-adjacent channel isolation – ITU-T g.671 specifies that the non-adjacent 
channel as all the channels not immediately adjacent to the channel under 
consideration. The closest non-adjacent channel has a nominal central 
wavelength 40 nm from the wanted channel. Figure 3-8 illustrates this (with the 
adjacent channel removed for clarity).  Using the same logic as in the Section on 
adjacent channel isolation the worst-case value to be used in the model will be 
40 dB. 
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Figure 3-8 Illustration of Non-adjacent channel isolation in a multiplexer or demultiplexer adapted 
from ITU-T G.671 
There are several remaining parameters in Table 3-4, specifically parameters 6, 7, 8 & 
9. These parameters are judged not to have a significant impact on the model used and 
developed here to investigate wavelength drift. However, for completeness, each of the 
parameters is defined below and in each case, a justification is provided as to why this 
parameter can be ignored in this specific case. 
Return Loss – When modelling unidirectional systems in OptiSystem return 
loss is not included in the component parameters. As a result, it will not be 
included in the model. This is acceptable as the only effect return loss has in a 
unidirectional system is the loss of optical power (due to the light being 
reflected). This loss of light can be included in the model through the use of the 
multiplexer or demultiplexer’s insertion loss parameter. Furthermore, in CWDM 
systems due to the robust nature of the sources, isolators are not required as low 
levels of reflected light will have no impact on the operation of the lasers unlike 
the case of more sophisticated DWDM lasers. 
63 
Polarisation Mode Dispersion (PMD) – ITU-T G.671 defines the PMD as the 
maximum value of PMD over the channel wavelength and again this parameter 
is defined as being for further study. As can be seen in Table 3-4 the values of 
dispersion in commercial multiplexers and demultiplexers are all less than 
0.2 ps. Looking at OptiSystem’s multiplexer and demultiplexer components, it 
can be seen that PMD is a parameter that is not included in these components. 
With regard to simulating a 4 channel CWDM link, this is an acceptable 
omission from the simulation as the impact of such a small value, (< 0.2 ps) in 
comparison to chromatic dispersion values of > 100 ps, will have little impact. 
Polarisation Dependent Loss (PDL) – ITU-T G.671 defines the PDL as the 
maximum insertion loss due to the state of polarisation over a channels 
wavelength range and again this parameter is defined as being for further study. 
As can be seen in Table 3-4 the values of dispersion in commercial multiplexers 
and demultiplexers are all less than 0.3 dB. PDL is also a parameter that is not 
included in the simulation of multiplexers and demultiplexers in OptiSystem. 
This is an acceptable simplification of the multiplexers and demultiplexers 
component’s simulation as any optical power loss due to PDL can be simulated 
the use of the multiplexer or demultiplexer’s insertion loss parameter. In 
addition, the polarisation dependence of the input receivers is negligible. 
Directivity – known as bidirectional (near-end) isolation in ITU-T G.671, is 
another parameter that is for further study. As can be seen in Table 3-4 the 
minimum value of directivity specified for the commercial multiplexers and 
demultiplexers is 50 dB. OptiSystem does not include directivity as a parameter 
in its model of multiplexers and demultiplexers. As the simulation under 
consideration is unidirectional this will not have an impact on the model. 
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3.5.2 Multiplexer / demultiplexer filter response validation 
As mentioned previously the multiplexer and demultiplexer are to a very significant 
extent the most wavelength selective components employed in the system. Given that 
the purpose of the model developed here is to explore the impact of wavelength drift, 
this means that the impact of the response of the multiplexer and demultiplexer is of 
particular importance. Figure 3-9 shows a screenshot of the implementation of a 
simulation in OptiSystem. This simulation is being used to model the wavelength 
response of a multiplexer. The screenshot is shown here to give the reader an 
appreciation of the software’s interface. However, screenshots are complex and contain 
a large amount of extraneous information so for the purpose of this thesis when 
discussing any further simulations, simplified, but equivalent, block diagrams will be 
used for clarity. Figure 3-10 is the block diagram equivalent of the screenshot shown in 
Figure 3-9. 
 
Figure 3-9 Screen shot of OptiSystem interface 
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Figure 3-10 Block diagram of simulation components shown in Figure 3-9 
The ‘WDM Mux 4x1’ component in Figure 3-9, is a generic four port to one port 
optical multiplexer. In OptiSystem, parameters such as ripple, insertion loss and filter 
shape can be specified so a large variety of different multiplexers can be modelled. To 
investigate in detail the response of the mux/demux in simulation, a continuous wave 
laser with a narrow linewidth is connected to port one of the multiplexer and the 
wavelength is swept over an appropriate range. By measuring the optical power at the 
output port of the multiplexer the wavelength response of the multiplexer can be 
measured.  As previously discussed the parameters of the multiplexer are to be set to 
worst-case values, now listed in Table 3-5. It should be noted that when setting the 
passband of the multiplexers filter it is defined in OptiSystem at the 3 dB points, 
whereas in practice CWDM multiplexers define it as the 0.5 dB points. Multiple 
iterations of the simulation were run varying the 3 dB passband parameter until a 13 nm 
passband between the 0.5 dB points was achieved.  
The multiplexer has the option of picking three filter shape parameters, rectangular, 
Bessel or Gaussian and what order the filter should be. It was found that the use of a 
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third order Gaussian filter best fits the required parameters of the multiplexer in Table 
3-5. The filter centre wavelengths of the mux/demux are set to 1511, 1531, 1551 and 
1571 nm as per the ITU-T G.695 application code S-C4L1-1D2.  
Table 3-5 Worst-case parameters of a four port CWDM multiplexer 
Parameter Worst-case value 
Passband 13 nm 
Ripple 0.5 dB 
Channel Insertion Loss 2 dB 
Adjacent Channel Isolation 30 dB 
Non-Adjacent Channel Isolation 40 dB 
 
Figure 3-11 shows the wavelength response of the 1511 nm input port of the four-port 
multiplexer. The passband and the adjacent channel isolation are clearly labelled.  
Table 3-6 shows the wavelengths that the 0.5 dB and 30 dB points should intersect with 
and the points achieved in the simulation. 
 
Figure 3-11 Wavelength response of the 1511 nm input port of the four-port multiplexer 
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Table 3-6 Desired 0.5 dB passband and 30 dB adjacent channel isolation wavelength intersection 
points and simulated results 
 Lower wavelength 
bound 
Upper wavelength 
bound 
Central wavelength 1511 nm 
Specified 0.5 dB passband 
wavelength 
1511 – 6.5 = 1504.5 nm 1511 + 6.5 = 1517.5 nm 
Net specified passband (nm) 13 nm 
Simulated 0.5 dB passband 
wavelength 
1504.54 nm 1517.51 nm 
Net simulated passband (nm) 12.97 nm 
Specified 30 dB wavelength 1491 + 6.5 = 1497.5 nm 1531 – 6.5 = 1524.5 nm 
Simulated 30 dB wavelength 1498.27 nm 1523.95 nm 
 
It should first be noted that the filter is not perfectly symmetrical around 1511 nm. This 
is due to how OptiSystem models a Gaussian optical filter. The filters transfer function 
is 𝐻(𝑓) = 𝛼𝑒
−𝑙𝑛(√2)(
𝑓−𝑓𝑐
𝐵 2⁄
)
2𝑁
where 𝐻(𝑓) is the filter transfer function, α is the insertion 
loss, 𝑓𝑐 is the filter centre frequency, B is the bandwidth, N is the filters order and 𝑓 is 
the frequency. The bandwidth in Hz is equally distributed either side of the centre 
frequency, 𝑓𝑐. The start and stop frequencies of the filters passband when converted 
into nm will not result in symmetrical wavelengths as 𝜆 =
𝑐
𝑓
. This can be illustrated 
using the nominal central frequencies of three DWDM lasers equally spaced apart by 
100 GHz as specified in ITU-T G.694.1. Table 3-7 shows the frequency in THz of the 
three sources and their wavelengths λ, calculated using 𝜆 =
𝑐
𝑓
 where c is the speed of 
light in a vacuum. The difference in the wavelength between sources 1 and 2 and 
sources 2 and 3 are in the final column. As can be seen, although the sources are equally 
spaced in frequency (100 GHz), they are not equally spaced in wavelength. The same 
principle applies to the simulated Gaussian optical filter with its 0.5 dB passband 
wavelengths not being symmetrical around 1511 nm with values of 1504.54 nm and 
1517.51 nm. 
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Table 3-7 Frequency and wavelength of three sample DWDM frequencies 
 
Frequency of 
DWDM source in 
𝜆 =
𝑐
𝑓
 
Wavelength 
difference 
Source 1 184.7 THz 1623.1319 nm 
Source 3 184.5 THz 1624.8914 nm 
 
 However, this is not an issue as the difference is firstly very small, with the worst-case 
occurring for the lower wavelength bound with a value of 6.64 nm, an error of < 0.7% 
of the ideal 6.5 nm maximum deviation. Using OptiSystem the simulated filter shapes 
for the four wavelengths in the mux are shown in Figure 3-12 with the filters of the 
demultiplexer being the same. 
 
Figure 3-12 Simulated results, wavelength response of the OptiSystem 4 channel mux/demux 
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3.5.3 Transmitter parameters and validation 
The simulation package OptiSystem has a variety of options to model optical sources 
and transmitters with varying degrees of parameter control.  For example, a ‘continuous 
wave laser’ can be paired with a ‘Mach-Zender modulator’ to model a typical DWDM 
system laser.  The component used in this simulation, the so-called ‘Directly Modulated 
Laser Measured’ allows parameters to be specified such as frequency, power, extinction 
ratio, rise and fall time, side modes, noise, chirp and others.  It should be noted again 
that this Chapter is looking at the parameters of the various components in the model in 
the context of a simulation that explores the effect of wavelength drift on a CWDM 
channel. As such, where defined values are available from the standards, worst-case 
values in the context of the model will be used. Where parameters are not clearly 
defined in the standards a short survey of values taken from the specifications of 
commercial devices will be used. Where the parameter is not typically specified in 
datasheets values from the literature will be used.  
Table 3-8 shows a list of the parameters, as well as a rational as to the values used, for 
the CWDM transmitters used in the model that are set using data from the relevant 
application code, S-C4L1-1D2 in ITU-T G.695. 
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Table 3-8 Transmitter parameter values available in ITU-T G.695 
Parameter Values used Rational 
Central 
wavelength 
1511, 1524.5, 
1544.5, 
1564.5 
Tx1 will nominally be set to 1511 nm and 
allowed to drift to simulate wavelength drift 
due to temperature or some other factor. Tx2, 
Tx3 & Tx4 will be set to their worst-case values, 
that is 6.5 nm less than their nominal values.  
These are worst-case values, in particular for 
Tx2 as in effect it has drifted towards Tx1 and 
may now interfere with Rx1.
6 
Bit rate taking 
account of line 
coding of the 
optical tributary 
signals 
622 Mbit/s to 
2.67 Gbit/s 
ITU-T G.959.1 Optical tributary signal class 
NRZ 2.5G applies to continuous digital signals 
with non-return to zero line coding, from 
nominally 622 Mbit/s to nominally 2.67 Gbit/s. 
The worst-case value of bit rate is chosen as the 
maximum at 2.67 Gbit/s as this will give bit 
rates with the smallest bit interval. These bits 
will be more susceptible to dispersion and 
timing errors. 
Mean channel 
output power 
0 dBm to 
+5 dBm 
Tx1 will be set to +0 dBm. The minimum mean 
channel output power as this would be a worst-
case scenario from the perspective of channel 
interference onto Rx1. 
Tx2, Tx3 & Tx4 will be set to +5 dBm, the 
maximum mean channel output power as this 
would be a worst-case scenario from the 
perspective of channel interference onto Rx1. 
Minimum channel 
extinction ratio 
8.2 dB All transmitters extinction ratios will be set to 
8.2 dB as this is a minimum, worst-case value. 
 
                                                 
6 In practice, it is unlikely that the wavelengths of two adjacent channel’s lasers will drift in opposite 
directions as most drift is caused by temperature and it can be reasonably assumed that the lasers will 
undergo similar temperature variation. 
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A number of other CWDM transmitter parameters are not directly specified by ITU-T 
G.695, but must be set by manufacturers such that a certain bit error rate or dispersion 
values are met. These are discussed below. 
Linewidth 
As discussed in Section 2.4 DFB lasers in CWDM systems are typically directly 
modulated. A short survey of laser diode devices for CWDM applications typically 
shows the maximum linewidth / spectral width of the lasers as being specified to be < 
1 nm, which includes a contribution from chirp. A search of the literature gives typical 
values of linewidth in DFB lasers of < 10 MHz [9].  It should be noted that using this 
value in OptiSystem give a linewidth of 10 MHz for an unmodulated laser. In practice, 
the simulation will include contributions from Chirp and hence the spectral width of the 
source will be greater than 10 MHz. 
Chirp  
As discussed in Section 2.4, chirp is an important parameter of a directly modulated 
CWDM DFB laser diode (directly modulated laser – DML) transmitters, especially in 
the context of dispersion.  The frequency chirp Δυ of a DML can be modelled as [9]:  
Equation 6 Frequency chirp of a directly modulated laser diode 
∆𝒗 =
𝟏
𝟐𝝅
𝒅𝝋
𝒅𝒕
=
𝜶
𝟒𝝅
(
𝟏
𝑷(𝒕)
𝒅𝑷(𝒕)
𝒅𝒕
+ 𝒌∆𝑷(𝒕)) 
where φ is the phase, P(t) is the output power as a function of time (t), α is the linewidth 
enhancement factor, and κ is the adiabatic chirp coefficient. The first term containing 
the chirp parameter α represents the dynamic chirp and the second term containing chirp 
parameter k represents the adiabatic chirp. The α and κ values will vary due to laser 
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design and manufacturing variation. Typical values quoted in the literature are α ~ 3 and 
κ ~ 20 THz/W [9] and hence will be used in the model. 
Relative Intensity Noise 
Values of relative intensity noise (RIN) typically range from -110 dB/Hz to -130 dB/Hz 
for low-cost edge emitting multimode laser diodes and less than -170 dB/Hz for high-
quality DFB lasers [46]. A short survey of CWDM sources results in typical values of 
RIN of 145 dB/Hz at 10dBm. 
Other parameters 
Transmitter parameters such as rise and fall time, pulse overshoot and pulse undershoot 
and ringing can be observed by the use of an eye diagram. ITU-T G.695 does not 
directly specify values for these other parameters but references the use of an eye 
diagram and an ‘eye mask’ as in ITU-T G.959.1. Rather than measuring each parameter 
of an eye pattern, mask testing means defining “no-go” areas such that if the pattern 
encroaches into these areas, the device under test is deemed to have failed. These areas 
are defined in an eye mask. To ensure a suitable transmitter signal, the manufacturers 
control the transmitter to prevent excessive degradation at the receiver by using the eye 
mask specified in ITU-T G.959.1.  
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Figure 3-13 shows the test setup for an optical transmitter as specified in ITU-T G.957. 
The laser is being tested at SS the single-channel reference point discussed in 
Section 1.6. 
 
Figure 3-13 Measurement set-up for a transmitter eye diagram reproduced from ITU-T G.957 
 
The transfer function of the receiver in Figure 3-13 is characterised in the standards by a 
fourth order Bessel-Thomson response as in Equation 7.  
Equation 7 Fourth order Bessel-Thomson transfer function 
𝐻(𝑝) =
1
105
(105 + 105𝑦 + 45𝑦2 + 10𝑦3 + 𝑦4) 
With 
𝑝 = 𝑗
𝜔
𝜔𝑟
     𝑦 = 2.1140𝑝   𝜔𝑟 = 1.5𝜋𝑓0    𝑓0 = 𝑏𝑖𝑡 𝑟𝑎𝑡𝑒 
The reference frequency is 𝑓𝑟 = 0.75𝑓𝑜. The nominal attenuation at this frequency is 
3 dB. 
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The test system in Figure 3-13 was implemented in OptiSystem using the transmitter 
parameters discussed previously and the default values of parameters such as rise and 
fall times, pulse overshoot and pulse undershoot. The resulting eye diagram (in black) 
and eye mask (red boxes) are shown in Figure 3-14. An acceptable transmitter eye 
diagram must not cross into the mask, which is defined in ITU-T G.957. 
 
Figure 3-14 Transmitter eye diagram with STM16 eye mask from OptiSystem simulation 
 
3.5.4 Optical fibre parameters 
The OptiSystem component ‘Optical Fibre CWDM’ has been chosen to model the fibre 
in the model. It “simulates the propagation of an arbitrary configuration of optical 
signals in a single-mode fibre” [47]. As previously discussed the parameters of the 
component will be set to model ITU-T G.652.D single-mode fibre using worst-case 
values were appropriate as shown in Table 3-9. 
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Table 3-9 Selected parameters of an ITU-T G.652.D single-mode fibre 
Parameters Values Comment 
Attenuation 0.275 dB/km The attenuation coefficient has a ‘typical link 
value’ of 0.275 dB/km over the 1530 nm to 
1565 nm range. A survey of manufacturers 
shows that manufacturers routinely surpassed 
this value. Hence a worst-case value of 
0.275 dB/km will be used. 
Attenuation vs 
wavelength 
NA The wavelength dependence of the attenuation 
of a single mode fibre over the C and L bands is 
low with manufacturers supplying optical fibres 
with wavelength dependences of only 
0.02 dB/km over a 1525 nm to 1575 nm 
window. In the model under consideration as 
the source will be drifting by only 6.5 nm, the 
wavelength dependence is negligible and hence 
will not be included. 
Chromatic 
dispersion 
coefficient 
D1550 = 17 
ps/nm.km 
S1550 = 0.056 
ps/nm2.km 
The dispersion values in ITU-T G.652.D are 
routinely surpassed by manufacturers hence it is 
reasonable to assume the values presented are 
worst-case. 
Polarisation mode 
dispersion (PMD) 
coefficient 
PMDQ = 0.20 
𝑝𝑠/√𝑘𝑚  
ITU-T G.652.D specifies a worst-case value of 
the PMD coefficient. 
 
The obvious missing parameter from Table 3-9 above is fibre length. As will become 
evident when the simulation is run, one of the requirements will be the ability to set the 
simulated system so that it just operates at the limit of an acceptable BER. For this 
purpose, the simplest approach is to vary the degradation of the signal arriving at the 
receiver. The simplest system parameter to control in order to vary the signal 
degradation (and thus the BER) is the fibre length. Other system parameters could have 
been chosen, for example, the transmitter output power levels, but transmitter output 
powers are controlled within specific ranges as previously discussed. For the purpose of 
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the model, the length of the fibre is set so that the when the transmitter is at its 
maximum wavelength deviation of 6.5 nm the BER at Rx1 is 1x10
-12.  
3.5.5 Receiver parameters 
OptiSystem typically uses a PIN photodiode component and a fourth order Bessel-
Thomson low pass filter component to model a receiver. The main PIN photodiode 
component parameter under consideration is the responsivity. Although the responsivity 
of PIN photodiodes is very dependent on wavelength over the 800 nm to 1700 nm 
window, due to the narrow range of wavelengths being used in this model and the 
typically flat response over this narrow wavelength range in InGaAs photodiodes, the 
responsivity parameter can be set to a typical value of 1 A/W. 
ITU-T G.959.1 specifies a reference receiver and uses a fourth-order Bessel-Thomson 
filter with a cut-off frequency at 0.75 times the bit rate in question.  
3.6 Using the model to analyse BER and wavelength drift  
OptiSystem has a simulated ‘BER Test Set’ tool built into the software.  It is often not 
practical to use this tool to measure the BER of a link.  In theory, the transmission of 
one trillion bits must be simulated if a link has a bit error ratio of 1x10-12 to find one 
error. As previously discussed due to the random nature of noise in the system the bit 
error rate is not constant.  That is, there will not be exactly one error per trillion bits 
transmitted.  As a result, when using a BERT set (simulated or real) many multiples of 
the one trillion bits must be transmitted to get a statistically accurate BER. To simulate 
the transmission of trillions of bits is not practical as the transmission of each individual 
bit must be simulated which can take an order of magnitude longer than the bit interval, 
on typical PC hardware.  
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An alternative to directly measuring the BER offered by OptiSystem is to make an 
estimation of the BER by measuring the signal’s signal-to-noise ratio. OptiSystem has a 
“BER Analyzer” component that uses numerical methods to estimate the BER [47] [48] 
[49] [50]. An important parameter in OptiSystem simulations is the ‘bit sequence 
length’. The larger this is the more accurate and repeatable results such as BER are. The 
price for increased accuracy is simulation time. 
The first simulation uses the model illustrated in Figure 3-15 to identify a fibre length 
that will give a reference BER of 1x10-12 at Rx1 under worst-case conditions. Then 
using this worst-case model as a reference, parameters such a source’s wavelength can 
be changed and evaluated against the reference model’s BER.  
The model’s parameter values were set to worst-case values as previously discussed and 
the links length was set such that the BER at Rx1 is exactly 1x10
-12. This was achieved 
using a Single Parameter Optimisation (SPO) routine in OptiSystem and averaging of 
simulation results. This routine will vary a selected parameter over a set range until a 
second parameter reaches a desired result. The wavelength for Tx1 that has drifted by 
+6.5 nm to 1517.5 nm is nominally 1511 nm and at this maximum wavelength 
deviation, with the optical fibre length parameter adjusted so the BER at Rx1 is 1x10
-12.  
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Figure 3-15 OptiSystem model - SPO varying optical fibre length to achieve BER of 1x10-12 at Rx1. 
The model is then adapted, Figure 3-16,  to identify by how much a wavelength must 
drift beyond its 6.5 nm deviation to degrade the BER to 2.0x10-12 as calculated in 
Section 3.4. An SPO was used that varied the source wavelength (Tx1) until a BER of 
2.0x10-12 was achieved at Rx1. The result of this model is that an additional drift of 
0.1365 nm will degrade the BER to 2.0x10-12.  Using the argument developed in 
Section 3.4 it can be said that if the accuracy of the wavelength monitor is better 
than 0.1365 nm, then the confidence with which drift can be measured is 
comparable to the confidence which engineers and designers accept in measuring 
BER.  
For example, an engineer will accept that a BERT that is returning a BER of 1x10-12 
with a 95% confidence level could mean an actual BER value that is as high as 
2.0x10-12. This level of doubt regarding the BER value is accepted by the engineer and 
by implication it is asserted that a wavelength measurement inaccuracy up to 0.1365 nm 
is also acceptable since it also results in, under the condition discussed, the same BER 
of 2.0x10-12.  
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Figure 3-16 OptiSystem model - SPO varying Tx1 wavelength to achieve BER of 2.0x10-12 at Rx1. 
 
3.7 Summary 
Different approaches to determining an acceptable wavelength accuracy for a CWDM 
wavelength monitor were considered. The chosen approach arose from observations of 
the results from a model of how wavelength drift impacts the most important system 
parameter in CWDM systems, which is error performance. The statistical confidence 
levels of BER measurements taken by typical industry test and measurement equipment 
was considered and their statistical worst-case BER results were calculated. A model 
was built and its components validated using a selection of worst-case parameters 
sourced from ITU-T Recommendations and manufacturers datasheets. Using the model, 
the wavelength drift in excess of ± 6.5 nm that gave an equivalent degradation of the 
worst-case BER was calculated. The argument was made that if the accuracy of the 
wavelength monitor is better than 0.1365 nm, the value of the excess wavelength drift, 
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then the confidence with which drift can be measured is comparable to the confidence 
which engineers and designers accept in measuring BER. 
The next Chapter will consider a CWDM wavelength monitors specification and 
investigate possible operating principles for a proof of principle implementation. 
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4 CWDM wavelength monitor specification and 
implementation. 
4.1 Introduction 
The previous Chapter focussed on determining a reasonable value for the accuracy of a 
wavelength monitor for use in CWDM systems. While wavelength accuracy is a central 
attribute, it is nevertheless just one of a number such attributes for a wavelength 
monitor. A knowledge of the required accuracy and the specification of other attributes 
will play an important role in the choice of wavelength measurement technique.  
For the application under consideration here, some wavelength measurement techniques 
may not be suitable as they operate over a very narrow wavelength range or may require 
large amounts of optical power. This Chapter will first identify these other attributes 
that are essential in a specification whilst also establishing values for these attributes. In 
this way, a comprehensive specification for the CWDM wavelength monitor is 
developed.  
Using this specification, a range of wavelength measurement technologies, with 
different operating principles which have the potential to form the core of a CWDM 
wavelength monitor system can be considered and compared, with the aim of extracting 
a candidate technology that can meet the specification without burdening the system 
with unnecessary complexity. As outlined in Chapter 1, one of the candidate 
technologies will be selected for a proof of principle implementation described in 
Chapter 5.  
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4.2 CWDM instrument attributes  
There are a large number of wavelength measurement instruments currently available 
for use in test and measurement applications in the optical communications industry. 
These instruments use various technologies to measure wavelength across a range of 
applications, such as research, manufacture, component characterisation, network 
deployment and network performance monitoring.  Each application will have varying 
requirements with regard to their attributes.  
Focusing on instruments marketed to the CWDM industry, a survey was undertaken, the 
results of which are representative of the different types of instruments available from a 
range of manufacturers and include wavelength measurement and channel analyser type 
instruments 7. The survey identifies a number of attributes which are commonly 
specified for these types of CWDM test and measurement equipment. These attributes 
can be separated into two groups, the first of which are called the ‘parameters’. These 
parameters are typically related to an instruments measurement and operational 
capabilities, for example, the degree of accuracy and resolution with which an 
                                                 
7 Wavelength measurement instruments are generally more general-purpose instruments and when used 
on a CWDM system will typically return a value for the wavelength of a single channel under test with 
some, such as an OSA, capable of presenting a spectrum showing the individual wavelengths of the 
multiplexed signal. Channel analysers for CWDM are more specific instruments, in that the instrument is 
often pre-set with the specification of CWDM systems. Such instruments can identify and measure 
channel peak CWDM wavelengths, with a range of functionality.  Some channel analysers are 
comparable to a multi-channel power meter, i.e. they indicate which wavelength window a channel 
belongs to (e.g. 1611 nm ± 6.5 nm) and its optical power but no further information about the wavelength 
is presented. 
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instrument can make a measurement. The second group of attributes can be better 
described as features. These features are not essential attributes of the measurement 
instrument but will typically make an instrument easier to operate, for example the 
inclusion of a high-resolution colour display and wireless connectivity or will provide 
some other information not related to the instruments measurement capabilities such as 
its physical dimensions. 
As consideration of the common features of the instruments used for CWDM test and 
measurement is the simpler task, this is the starting point in this Chapter, with 
consideration of the more complex task around the parameters following on. 
 
4.3 CWDM wavelength measurement instrument features 
Table 4-1 lists the features of the representative CWDM wavelength measurement and 
monitoring instruments surveyed. Although the features listed are not all necessary for 
CWDM wavelength monitoring, several of them may be desirable. A wavelength 
monitor for use in monitoring wavelength drift (often because of fluctuations in 
temperature) may be required to be left in situ for long periods of time, from hours to 
many days or weeks. It is desirable that such an instrument be competitively priced so 
that it would be economical to dedicate a number such instruments to be left in place 
monitoring wavelength for long periods of time. Leaving high-value wavelength 
measurement instruments such as an OSA in situ for long periods of time would be not 
economical in many cases. In addition, a feature such as ‘no moving parts’ would 
typically mean that the instrument is rugged and cheaper to manufacture. Table 4-1 lists 
the common features and in each case, a comment as to the necessity of the feature and 
a rating of the feature, as essential, recommended or optional. To show how common 
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each feature is, they are numbered showing the instruments from the representative 
survey (legend is at the bottom of the table) that list this or a similar feature in their 
marketing brochures. After considering the features in Table 4-1, the features rated 
‘essential’ are considered important enough that they should be implemented. 
Therefore, these ‘essential’ features will be included in the specification of the CWDM 
wavelength monitoring instrument and will inform the choice of technology used to 
implement a proof of principle wavelength monitor in Chapter 5.
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Table 4-1 Features of a representative survey of CWDM wavelength measurement and monitoring instruments 
Features (Legend for numbering in italics 
at end of table *) 
Comment Rating 
Pre-stored or user-defined threshold values 
for easy Go/No Go testing 1,2,5,12,14 
A useful feature that may make the instrument more user-friendly. Optional 
Display e.g. High resolution, widescreen 
colour display that is easy to read indoors 
or out. 1,2,4,5,7,9,12,13,14 
May be a desirable feature, but will add considerable cost to the instrument.   Optional 
Rugged, sealed design provides years of 
service in the most challenging 
environments.1,5,7,8 
Possibly a desirable feature but in the context of use in a data centre type 
environment may not be needed. 
Optional 
 
Handheld device e.g. Compact and 
lightweight design for maximum 
portability in the field. 1,2,3,6,8,9,12 
As with any piece of portable test equipment, it should include these features 
if technically possible. Typically, it should be capable of being easily stored 
when in use within or adjacent to the rack system types used for CWDM 
equipment. 
Essential 
Dimensions and weight. 
1,2,3,4,5,6,7,8,9,10,11,12,13 
See above Essential 
Capable of measuring the optical power of 
a CWDM channel. all devices 
All the devices surveyed are capable of measuring the optical power of the 
channel/channels under test. Although not an absolutely necessary feature, it is 
apparent from the many instruments surveyed that it would be unusual for a 
wavelength measurement or channel analyser type instrument to be incapable 
of measuring optical power since this capability provides important additional 
insights for network troubleshooting. 
 
Essential 
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Measuring units dBm/dB/mW. 4,11 This is a useful feature but may not be necessary. Optional 
Save stored measured data to PC, memory 
card or over a network connection to the 
cloud. 1,3,4,5,7,9,10,11,12,13,14 
An instrument left in situ must have some form of internal storage or 
alternatively, remote monitoring of the instrument would be valuable 
considering the instrument may be in situ for many weeks at a distant location. 
Recommended 
High reliability e.g. No moving parts. 
1,8,12,14 
An instrument with no moving parts would potentially be easier to 
manufacture which can result in a more economic instrument. An instrument 
with no moving parts may also be more rugged and possibly less sensitive to 
changes in temperature. 
Essential 
Compliant to ITU-T G.694.2 and or ITU-T 
G.695 1,2,6,8,10 
This is an important feature as it will give users confidence that the 
wavelength monitor can tell if any channel across all ITU-T application codes 
is out of specification. 
Essential 
Battery operated, all devices Every device surveyed can be operated by battery with some devices capable 
of also being mains powered. An instrument that is to be left in situ, possibly 
for weeks will need to be mains powered or powered from a local source. 
Recommended 
* Numbered list of CWDM wavelength measurement and monitoring instruments, representative of the different types of instruments 
available from a range of manufacturers and includes optical spectrum analysers, wavelength monitors, and channel meters. 
1) Anritsu MT909020A optical channel analyser 
2) JDSU COSA4055 CWDM optical spectrum analyser 
3) Deviser AE600 CWDM channel analyser 
4) EXFO FOT5200 channel analyser 
5) Terahertz Technologies Inc. FTE8000 CWDM channel analyser 
6) NSG America Inc. GoFoton CWDM optical power tester 
7) Integra Networks CWDM optical power and wavelength meter 
8) Bayspec CWDM optical channel performance monitor 
9) JDSU OCC-55 smart optical CWDM channel checker 
10) Sunrise Telecom – optical channel monitor modules 
11) Optoware 16 channel CWDM power meter 
12) Photop 18 channel optical power meter 
13) Precision rated optics OSA118 CWDM channel analyser 
14) VeEX RXT-4500 optical spectrum analyser 
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4.4 CWDM wavelength monitor parameter specification 
This Section considers the parameters typically listed for wavelength measurement and 
channel analyser type instruments for use in CWDM. Table 4-2, on page 88, lists the 
parameters commonly specified for the instruments surveyed. Following Table 4-2 each 
parameter is considered in the context of a CWDM wavelength monitor for use in 
monitoring wavelength drift in CWDM systems and a rationale for the proposed value 
of the parameter are made. These proposed values are specified in Table 4-2.  As 
already stated the parameters listed are from a selection of wavelength measurement and 
channel monitoring CWDM test and measurement equipment types. Given that this 
thesis is considering a wavelength monitor for use in wavelength drift measurements, 
some of the parameters listed may not be applicable to such a device and as such the last 
column of Table 4-2 identifies whether the parameter is a “key parameter”, “desirable 
parameter” or “not applicable”. For the sake of clarity, the definitions of these 
parameter types are:  
Key parameter – In the implementation of a CWDM wavelength monitor for 
use in wavelength drift measurements, a “key parameter” is a parameter that is 
an essential part of the specification;  
Desirable parameter - In the implementation of a wavelength monitor for use 
in wavelength drift measurements, a “desirable parameter” is an additional 
parameter that will bring some added value to the instrument. In some cases, the 
specified value of such parameters will be determined by the choice of 
technology used to implement the wavelength monitor; 
Not applicable – As the list of parameters is taken from a selection of 
wavelength measurement and channel monitoring type CWDM test and 
measurement equipment, not all the parameters will be relevant to a wavelength 
monitor for use in wavelength drift measurements and hence will be labelled, 
“not applicable”. 
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Table 4-2 Summary of key parameters values for representative selection a CWDM wavelength measurement instrument. 
Key Parameters 
Parameters of typical instruments 
Instruments surveyed 
specifying this parameter 8 
Proposed value for use 
in a wavelength monitor, 
rationale below 
Key parameter, Desirable parameter,  
Not applicable (rationale provided below) 
Wavelength specific parameters    
Wavelength window mode 9 4,5,6,7,11,12 NA Not applicable 
Absolute wavelength range 10 1,2,3,8,9,10,13,14 1261 nm to 1621 nm Key parameter 
Absolute wavelength accuracy 1,2,8,9,10,13,14 0.1365 nm Key parameter 
Wavelength resolution 2,10,14 Better than 0.1365 nm Key parameter 
Power range per channel All devices -28 dBm to +5 dBm Key parameter 
Power meter capability parameters    
Channel power accuracy 1,2,4,5,7,9,10,11,12,14 1 dB Desirable parameter 
Channel power resolution 2,5,7,8,10,11 0.1 dB Desirable parameter 
Channel power repeatability 1,9,10,14 0.3 dB Desirable parameter 
More general parameters    
Environmental operating temperature 11 1,2,3,4,7,9,10,12 5°C to 45°C Key parameter 
Relative humidity  1,4,10 8% to 90% [20] Key parameter 
Measurement time 2,3,5,8,9,10,13,14 Circa 1 second Desirable parameter 
EMC capability 1,9 EN61326 Key parameter 
                                                 
8 Legend of instruments can be found in Table 4-1. 
9 Of the instruments surveyed, some do not return a value of a channels absolute wavelength, but the nominal central wavelength and power of the channel under test.  
10 These instruments will return an absolute value of wavelength with varying degrees of accuracy over the CWDM wavelength range. 
11 Environmental operating temperature range considered in Section 2.5. 
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4.4.1 Key parameter rationale 
 
Wavelength window – many of the devices that specify this parameter do not attempt 
to measure a channel's wavelength accurately but instead simply indicate to the user 
whether the channel under test lies within the window of a particular nominal central 
wavelength ± 6.5 nm. This parameter is not applicable to the wavelength monitor being 
considered, as by definition a wavelength monitor needs to provide a far greater level of 
wavelength accuracy, rather than simply the presence or absence of a channel in a given 
window. 
 
Calibrated wavelengths / Absolute wavelength range – This parameter can be 
interpreted as the wavelength range that the wavelength monitor must operate over.  A 
wavelength monitor for use in CWDM must be capable of measuring the wavelength of 
any of the channels in ITU-T G.694.2, from the lowest wavelength channel to the 
highest wavelength channel.  In addition, for the channels at the extreme ends of the 
CWDM range, that is 1271 nm and 1611 nm, the measurement range available must 
take account of a channel's potential wavelength drift below 1271 nm or above 
1611 nm.  Specifically, the nominal wavelength of the channel at 1271 nm may drift by 
– 6.5 nm to 1264.5 nm and the nominal wavelength of the channel at 1611 nm may drift 
by +6.5 nm to 1617.5 nm.   
Furthermore, since one cannot predict within reason how far outside a window a 
channel might drift in practice, the wavelength monitor should also be capable of 
measuring the wavelength of the 1271 nm or 1611 nm channel that has drifted beyond 
its maximum wavelength deviation of 6.5 nm so that an engineer using the wavelength 
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monitor can measure this excessive drift. A key question is to what extent the 
wavelength monitor should be capable of measuring this excessive wavelength drift, 
that is below 1264.5 nm and above 1617.5 nm.  This question can be answered in the 
context of the guard band between channels. Figure 4-1 shows a 7 nm ‘guard band’ 
between the adjacent channels 1591 nm and 1611 nm and for illustration purposes, an 
“imaginary” CWDM channel at 1631 nm is shown. The key assumption is that 
excessive drift, which is significantly outside the ±6.5 nm central wavelength deviation 
can be defined for the purpose here, as drift which places a CWDM channel in the 
middle of the guard band, where a channel is prohibited from operating in the CWDM 
specifications. 
 
Figure 4-1 1571 nm 1591 nm and 1611 nm ITU-T G.694.2 Channels with an imaginary channel at 
1631 nm for illustration purposes only 
Thus, from Figure 4-1, although the 1611 nm channel does not have an adjacent channel 
at an even higher wavelength (see Figure 4-1 and the 1631 nm imaginary channel for 
illustration only), a wavelength monitor’s range should allow measurement of a 
wavelength drift of +10 nm, halfway into the ‘guard band’ between the 1611 nm and the 
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imaginary 1631 nm channels. That is, 1611 nm +6.5 nm plus an additional 3.5 nm. 
Under normal operation, it is highly unlikely that a CWDM channel will drift by more 
than this amount. In any event, a CWDM channel experiencing this level of drift will 
suffer significant attenuation due to the demultiplexer’s filter roll-off which could result 
in a catastrophic degradation of the BER, on all but the very shortest links. Using this 
reasoning it is considered that a wavelength monitor should have a total wavelength 
range of 1261 nm to 1621 nm. 
 
Wavelength resolution – a definition of resolution is “Resolution - the smallest amount 
of input signal change that the instrument can detect reliably”. This term is determined 
by the instrument noise (either circuit or quantization noise) [51]. The wavelength 
monitor under consideration monitors changes in wavelength drift within ± 6.5 nm of a 
channels nominal wavelength and in particular a change in wavelength outside this 
range that will cause an unacceptable degradation of the BER. Considering this, a 
resolution that is many times better than the accuracy will not contribute anything 
further to this key goal. Hence one can conclude that a minimum value for resolution 
must be at least equal to the value of the accuracy of 0.1365 nm. It should be noted that 
increasing an instrument resolution can give a false impression of greater accuracy and 
can also cause undesirable display instability [52].  
 Absolute wavelength accuracy –  In Chapter 3 an acceptable value of 
wavelength accuracy for a CWDM wavelength monitor was calculated as 
0.1365 nm. To reiterate, using the logic that an engineer will accept that a BERT 
that is returning a bit error rate of 1x10-12 with a 95% confidence level could 
potentially have a BER value that is as high as 2.0x10-12. This level of doubt 
regarding the BER value is accepted by the engineer and by implication it is 
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asserted that a wavelength measurement inaccuracy up to 0.1365 nm is also 
acceptable since it also results in, under the condition discussed, the same BER 
of 2.0x10-12. In the context of this thesis, the wavelength accuracy is the possible 
error in wavelength when the device reports a measurement of wavelength in 
comparison to the true value of the wavelength.  As will be discussed in more 
detail later, of the CWDM instruments surveyed (wavelength meters, optical 
spectrum analysers and wavelength monitors) the accuracy with which 
wavelength is measured varies from 50 pm to greater than 5 nm with some 
devices not specifying accuracy at all.  This work found that instruments are 
typically calibrated against a known standard to maximise the agreement 
between the measured value and the known standard. Hence, this work 
concludes that wavelength accuracy ultimately depends on the engineering of a 
device and the calibration process used. Therefore, it is assumed that a 
wavelength measurement technique that can measure wavelength with a 
resolution equal to or better than the required wavelength accuracy can with 
appropriate calibration and engineering measure wavelength with the required 
accuracy. 
 
Power range per channel – this specification seeks to identify the maximum and 
minimum input powers that will arise at the input to a wavelength monitor operating 
from an active CWDM source. This data can easily be extracted from ITU-T G.695.  
The wavelength monitor will experience maximum input power when it is placed close 
to the optical transmitter. Looking at all application codes in ITU-T G.695 the highest 
‘maximum mean channel input power’ is +5 dBm, hence this is the maximum value of 
the power range per channel selected for the specification.  The wavelength monitor will 
93 
experience minimum input power when it is placed at the optical receiver end of a 
system, where the maximum fibre span is in use. Again, considering all application 
codes in ITU-T G.695 the lowest ‘minimum receiver sensitivity’ is -28 dBm, hence this 
is the minimum value of the power range per channel.  In summary, the wavelength 
monitor must be capable of measuring the wavelengths of channels with optical powers 
ranging from -28 dBm to +5 dBm. 
 
Channel power accuracy, resolution and repeatability – Since the instrument being 
considered is a wavelength monitor for use in CWDM systems, specifically for the 
measurement of wavelength drift, of the wavelength measurement and channel analyser 
type instruments surveyed, all are capable of measuring optical power and as already 
discussed in Table 4-1 this has been deemed an additional but essential feature of a 
wavelength monitor.  The accuracy, resolution and repeatability with which optical 
power can be measured in these instruments are usually a function of the wavelength 
measurement technique. However, the primary purpose of the instrument is to monitor 
wavelength, therefore the accuracy of wavelength measurement is preeminent and takes 
priority over parameters related to power measurement.  For these reasons the channel 
power accuracy, resolution and repeatability are defined as ‘desirable parameters’. That 
is, a power measurement feature will be implemented on the wavelength monitor with a 
goal of achieving the specifications below but with the final power meter specifications 
being a function of the wavelength measurement technique. Of the CWDM wavelength 
measurement instruments surveyed the accuracy; resolution and repeatability are 
typically 1 dB, 0.1 dB and 0.3 dB respectively.  If the wavelength measurement 
technique does not support power measurement to the above specification further 
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engineering will not be carried out to achieve the goal as it is an additional feature and 
not the primary function of the meter.   
 
Environmental operating temperature – As discussed in Section 2.5, it can be 
assumed that CWDM sources and modules will typically be operated in temperature 
controlled environments and can be expected to operate over a temperature range of 5°C 
to 45°C, typical of modern telecommunications and computing equipment. It follows 
that an instrument that can carry out long-term wavelength monitoring of CWDM 
equipment must be capable of long-term operation over the same temperature range. 
 
Relative humidity – This is being defined as a ‘key parameter’ as it is expected that the 
instrument will be monitoring wavelength in situ for long periods of time and must 
operate reliably in a typical CWDM environment. In addition, there is the possibility 
that CWDM systems will be deployed in unexpected environments.  To identify a 
reasonable value of relative humidity first one must consider that CWDM is typically 
being placed in data centre type, controlled environments, and one would not consider 
that there are likely to be extremes of relative humidity. As previously discussed in 
Section 2.5 The American Society of Heating, Refrigerating and Air-Conditioning 
Engineers (ASHRAE) publishes thermal guidelines for data processing environments. 
Its guidelines for relative humidity vary over a number of environmental classes with 
classes A1, A2, A3 & A4 being applicable to “datacentres” with varying levels of 
environmental control from tightly controlled to some control. As Class A4 has the 
widest range of allowable relative humidity of 8% to 90% the ‘key parameter’, relative 
humidity is chosen to meet these values. 
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Measurement time – Of the instruments surveyed the length of time to take a 
measurement (or to scan a WDM signal) varies from 20 ms to 1 minute with the 
instruments for use on a single wavelength channel taking less than a second. This 
difference in measurement times is a function of the basic measurement principle 
(passive technique or an active technique with moving mechanical parts) or the 
electronics involved (for example are measurement signals integrated or averaged to 
improve accuracy or is a large amount of signal post-processing carried out on 
measurements).  
When considering the length of time a wavelength measurement should take for a 
wavelength drift monitor, the causes of wavelength drift and their time constants must 
be considered. For example, are the likely changes in wavelength slow gradual changes 
taking many seconds or minutes to occur or does the wavelength change occur very 
rapidly, in the order of tens of ms? Wavelength drift due to changes in temperature, of 
necessity involves time constants in the order of seconds and minutes, given the likely 
sources of temperature change and the thermal time constants of the components and 
devices involved.  Failure modes of laser diodes also need to be considered and the 
timescales that they happen over. Failures of laser diodes can be generally defined as 
either random failures or wear-out failures.  
Random failures can be characterised by a lasers performance rapidly deteriorating and 
are typically the result of catastrophic optical damage to the laser’s facet or serious 
deterioration of the heat sink or bonds, that results in permanent system failure [53]. 
Random failures could in principle involve rapid changes in wavelength, which could 
persist until overall device failure takes place. 
Wear-out failures are usually the result of growth defects of the laser's active region and 
failures due to dislocation growth and metal diffusion, amongst others, that can lead to 
96 
shortening or lengthening of a laser diodes wavelength [54].  Lasers affected by wear-
out failures will exhibit a slow degradation in their performance and consequently will 
exhibit a slow change in their operating wavelength, over many weeks months and 
years.  
In conclusion, while random failures could involve the fastest changes in wavelength, 
their occurrence is associated with system failure. Since system failure will be detected 
by other means, a wavelength monitor for use in monitoring wavelength drift need not 
be capable of measuring the rapid wavelength changes that may be associated with 
random, catastrophic and near instant failures. A wavelength monitor should be capable 
of measurement speeds consistent with wear-out failures and failures caused by thermal 
drift.  
The single channel measurement instruments surveyed typically can take a 
measurement in less than 1 second. Changes in wavelength due to thermal drift and 
wear-out failure modes envisaged have time scales of the same order. Since it is not 
possible to define the measurement speed more reliably, pragmatically it makes sense to 
let the limit on the measurement speed achievable be a function of the wavelength 
measurement technology used, with the caveat that there is no point in striving to 
achieve high speed at the expense of complexity or cost.  Hence the measurement time 
will be considered a ‘desirable parameter’ with a target measuring speed circa 1 second.  
 
EMC (Electromagnetic compatibility) – The European Commission’s EMC Directive 
2014/30/EU includes EN61326, the EMC standard for Electrical equipment for 
measurement, control and laboratory use [55]. “EN 61326 determines the requirements 
for emissions and immunity regarding electromagnetic compatibility for electrical 
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equipment that operates from a supply, battery or circuit being measured” [56]. As a 
directive of the European Commission, this is a ‘Key parameter’ that must be met. 
 
4.4.2 Additional parameters 
Other parameters commonly specified for optical components include polarisation 
dependent loss (PDL) and return loss.  
Polarisation dependent loss (PDL) – ITU-T G.695 does not specify a maximum PDL 
for CWDM systems but stipulates a maximum channel insertion loss. The multiplexers 
and demultiplexers in CWDM systems are known to be polarisation dependent.  From 
the perspective of a wavelength monitor, PDL need only be considered in the context of 
its effect on the wavelength monitors wavelength accuracy.  For this reason, the PDL 
has not been specified.  
Return Loss – ITU-T G.695 specifies the optical return loss of a CWDM system as 
being measured at point SS (single-channel reference point, see Figure 1-3) and defines 
return loss as the ratio of the incident optical power to the total returned optical power 
from the entire fibre plant. Across the different application codes in ITU-T G.695, the 
tightest specification for return loss is 24 dB. A CWDM wavelength monitor will 
contribute to the total return loss being measured at point Ss. A cursory examination of 
wavelength measurement instruments would indicate that their return loss is typically 
specified as 35-40 dB, 11 dB better that 24 dB. Therefore, it is likely that the return loss 
of a CWDM monitor will also be significantly better than the 24 dB required. For this 
reason, the return loss will not be considered further.  
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4.4.3 Final specification 
In conclusion, Table 4-3 consolidates the ‘key parameters’ and ‘essential features’ 
discussed above. The next Section will consider different wavelength measurement 
techniques and their appropriateness with regard to these key parameters and essential 
features. 
Table 4-3 Specification of the attributes of a CWDM wavelength monitor 
Attributes 
Key Parameter Specification 
Absolute wavelength range 1261 nm to 1621 nm 
Absolute wavelength accuracy 0.1365 nm 
Wavelength resolution  Better than 0.1365 nm 
Power range per channel -28 dBm to +5 dBm 
Environmental operating 
temperature  
5°C to 45°C 
Relative humidity  8% to 90% 
EMC capability  EN61326 
Essential Features 
Capable of measuring the optical power of a CWDM 
channel.  
High reliability – No moving parts. 
Handheld device e.g. Compact and lightweight design 
for maximum portability in the field.  
Compliant to ITU-T G.694.2 and or ITU-T G.695.  
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4.5 Identifying an appropriate wavelength measurement 
approach 
The purpose of this Section is to consider and compare a range of technologies for 
wavelength measurement with the aim of extracting a candidate technology which has 
the potential to form the core of a wavelength monitor system which can achieve the 
specifications developed in the previous Section as summarised in Table 4-3. As 
outlined in Chapter 1, one of the candidate technologies will be selected for a proof of 
principle implementation described in Chapter 5. 
The measurement of an unknown optical wavelength in an optical fibre is a common 
measurement for many systems, either for test purposes or as an integral part of the 
operation of the system. Examples include the measurement of wavelength in a 
multichannel Dense Wavelength Division Multiplexing (DWDM) optical 
communication system [57]; Fibre Bragg Grating (FBG) based optical sensing system 
[58]  [59] and the characterisation of laser wavelength versus drive current during the 
manufacturing process [60]. For DWDM optical communications, wavelength 
measurement is indispensable in the accurate setting and maintaining of the 
transmitter’s wavelength. For an FBG based optical sensing system, a cost-effective 
wavelength measurement scheme is very important in the successful commercialisation 
of fibre Bragg grating based sensors. 
Many different techniques for the measurement of wavelength in an optical fibre exist.  
In general, these techniques can be divided into passive wavelength measurement 
schemes and active wavelength measurement schemes. Most of the existing passive 
schemes, employ optical devices that have a well-defined and repeatable wavelength 
spectral response. Passive schemes typically have a simple configuration and offer high-
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speed measurement, but can suffer from problems associated with the use of bulk-optic 
filters, collimation components and associated alignment stability or a limited 
wavelength range due to the spectral characteristics of the employed optical devices. 
Active schemes, mainly using wavelength-scanning technologies, can achieve high 
resolution, but require much more complicated configurations and typically have a low 
measurement speed, due to the presence of mechanical components, as compared to 
passive schemes. For example, the classic commercial technique for measuring an 
optical sources wavelength uses an interferometer or a monochromator; both suffer 
from complexity, vibration sensitivity and inherently slow measurement speed due to 
the mechanical motion involved. 
Two general purpose wavelength measurement instruments, the wavelength meter and 
the optical spectrum analyser serve the optical communications market. The wavelength 
meter is similar to the optical power meter in that it returns the numerical wavelength 
value of an input optical signal. A standard wavelength meter cannot function correctly 
where the input consists of several wavelength multiplexed signals.  The optical 
spectrum analyser, on the other hand, is capable of simultaneously displaying the 
spectrum of a multiplexed input signal and in principle is capable of extracting a lot 
more information than a wavelength meter. The inherent wavelength accuracies for 
standard wavelength meters and optical spectrum analyser vary from 0.3 pm to >20 pm 
with the wavelength meter usually being more accurate as this is its principle function. 
Table 4-4 shows two commercial instruments and their main parameters for 
comparison. Both these types of instruments are based on one of the two following 
methods, an interferometer or a diffraction grating. These methods allow very accurate 
wavelength measurement over wide wavelength ranges. However, both have moving 
parts that affect their robustness, vibration sensitivity and temperature sensitivity.  
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Table 4-4 Commercial wavelength measurement instruments 
Instrument Accuracy 
Spectral 
range 
Technique Temperature 
Keysight 
86122C 
multi-
wavelength 
meter  
± 0.3pm 1270 nm 
to 
1650 nm 
Michelson 
interferometer 
+15 to +35°C 
Anritsu 
MS9740A 
optical 
spectrum 
analyser 
 
± 20pm 600 nm 
to 
1750 nm 
Diffraction-
grating-based 
spectrometer 
+5 to +45°C 
 
4.5.1 Operating principle of a CWDM wavelength monitor 
In the literature, many wavelength measurement techniques exist covering an array of 
specific applications across multiple disciplines, based on a variety of operating 
principles. Table 4-5 sets out a range of operating principles and in each case, 
identifies several sample techniques that implement a particular principle. Table 4-5 
also provides a brief description of each sample technique and an evaluation of the 
technique against a number of the key parameters and features of a wavelength 
monitor as listed in the previous Section in Table 4-3. In this way, an overall 
assessment of the suitability of an operating principle as a basis for a CWDM 
wavelength monitor can be established. Table 4-5 also provides extra information in 
each case, as appropriate, in the column labelled “Comment”. 
With one exception, of the specific techniques listed in Table 4-5, only the 
commercial instruments specify actual wavelength accuracies. Accuracy is a 
qualitative term that defines the agreement between a measured value and its true 
value. Instruments are typically calibrated against a known standard to maximise the 
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agreement between the measured value and the known standard. A wavelength 
measurement instrument’s accuracy can be defined as, “what is the maximum error 
between the instrument’s measured wavelength and the true wavelength?”. In Table 
4-5, the non-commercial techniques presented in research papers typically only 
consider the resolution and do not specify the accuracy of the measurement approach 
presented. This is because accuracy ultimately may depend on the engineering of a 
prototype and the calibration process used. Ultimately then, the achieved accuracy of 
a measurement technique is a matter of calibration. Beyond achievable accuracy at the 
point of calibration what is equally important is how the accuracy will change with 
time after calibration. Once an instrument is calibrated against a known standard its 
accuracy becomes a function of how stable that calibration is with time, temperature, 
vibration etc. In effect, what is needed is not just accuracy at the time of calibration, 
but an achievable long term stable accuracy. Thus, where possible in Table 4-5, where 
a research paper alludes to accuracy, for example, the factors that might influence 
long term accuracy such as temperature drift, this is mentioned in the comments. 
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Table 4-5 Wavelength measurement operating principles with a sample of specific techniques and their key parameters and features 
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Ratiometric technique 
using a wavelength 
dependent glass filter 
[58]. 
8
1
5
-8
3
8
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S
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. 
1
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No moving 
parts. 
 Values are dependent on filter type chosen in this case. 
Proposes use of a highly wavelength dependent splitter 
as the wavelength filter in lieu of an independent filter. 
Note 1: Not cited, would depend on calibration. Author 
does note that the system sensitivity can be increased 
with the use of a second filter with the opposite slope.  
Ratiometric technique 
using an optical splitter 
and a wavelength 
selective edge filter 
with an optical 
amplifier to increase 
sensitivity [61]. 1
0
 n
m
 (
se
t 
b
y
 f
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te
r)
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. 
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w
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-6
0
 d
B
m
 No moving 
parts. 
 This technique has applications in Bragg grating sensing 
and utilises an optical amplifier to increase sensitivity as 
the wavelengths under test have low optical powers. 
Note 2: The author notes that a smaller measurement 
range increases accuracy due to the reduced EDFA ASE 
at the detectors. 
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Faraday rotation effect 
– using a specially 
designed fibre 
magneto-optic device 
and a wavelength 
sensitive filter [62]. 1
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Strong vibration 
resistance, 
compact size. 
The magneto-
optic device is 
temperature 
controlled. 
Uses ratiometric technique in conjunction with a custom 
fibre magneto-optic device. 
Note 3: Authors state that further work will include the 
use of a reference He-Ne laser to improve stability and 
precision. 
All fibre macro-
bending edge filter 
[63]. 
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Robust and no 
mechanical 
movement. 
Macro-bending 
edge filters are 
temperature 
sensitive [64]. 
Uses a ratiometric power measurement system with a 
multi-turn SMF28 fibre macro bend loss edge filter. 
Note 4: Further work by the authors [64] acknowledges 
that wavelength measurement accuracy is impacted by 
the temperature dependence of the macro-bending edge 
filter.  
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interferometer with a 
reference DFB source 
[65]. 
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completely 
from 
optical fibre or 
connectorised 
components. 
DFB laser 
requires 
temperature 
control. 
Reasonably complex device requiring a temperature 
controlled reference source to reach full resolution. 
Although it does not have moving parts relies on a 
Fabry-Perot interferometer. 
Note 5: The interferometric free spectral range (FSR) 
varied by about 50 kHz over 24 h meaning that the 
interferometer requires frequent recalibration. 
Michelson 
interferometer with a 
frequency-stabilized 
master DFB laser [66]. 1
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Moving parts 
for the 
Michelson 
interferometer. 
DFB laser 
requires 
temperature 
control. 
Highly complex device demanding free space optics, 
piezoelectric devices and a temperature controlled DFB 
laser. 
Commercial 
wavelength meter 
using a Michelson 
interferometer [67]. 1
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Michelson 
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temperature 15 
to 35°C. 
Highly complex device with mechanically aligned 
components. Includes a built-in HeNe laser wavelength 
standard. 
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wavelength meter 
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Interferometer [68]. 1
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Has Solid-State, 
Non-Moving 
Optics. 
Temperature 
and pressure 
compensated. 
High-speed measurements up to 600 Hz.  
Requires internal calibration using stabilised reference 
lasers with wavelengths known to better than 1 MHz 
[69]. 
Commercial spectral 
sensor using a 
monolithic MEMS 
Michelson 
interferometer chip 
[70]. 1
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Robust and 
permanently 
aligned. 
Operational 
temperature -5 
to 40°C. 
Operational temperature range can be configured to 
higher ranges upon request. 
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Commercial optical 
spectrum analyser 
using a Diffraction-
grating based 
Spectrometer [71]. 6
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Moving parts 
for the 
Diffraction-
grating. 
Wavelength 
accuracy when 
at stable room 
temperature. 
Accuracy when internal light source for wavelength 
calibration installed. 
MEMS scanning 
diffraction grating 
spectrometer [72]. 
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Free space 
optics. 
 Low resolution due to the use of a low-quality MEMS 
diffraction grating. 
Note 6: This paper makes no reference to the system’s 
accuracy. It does note that the CCD is mounted 23.4 cm 
from the grating. Apart from physical size, this distance 
could also mean that accuracy could be influenced by 
mechanical disturbance.  
A torsional mirror 
MEMS device 
diffraction grating in a 
Czerny-Turner setup 
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MEMS device 
shows extreme 
shock 
resistivity. 
 Wavelength range and resolution a function of the 
diffraction grating. 
Note 7: This paper makes no reference to the system’s 
accuracy but notes that development of a more efficient 
diffraction grating is necessary. 
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grating spectrometer 
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Uses rotation of 
the MEMS 
grating 
 Requires fabrication via state of the art 
ultra-precision micromachining.  
Note 8: The brochure of this commercial OEM MEMS 
spectrometer does not specify its wavelength accuracy. 
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Brillouin scattering 
between a swept-tuned 
laser and a test optical 
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temperature 
controlled 
tunable source. 
Wavelength range determined by internal swept 
wavelength source. By measuring the stimulated 
Brillouin scattering due to the interaction of the test 
signal and a swept-tuned pump laser the test signals 
wavelength can be identified. 
Note 9: Although wavelength accuracy is not directly 
mentioned it is expected to be a function of the accuracy 
of the tunable pump source. 
Based on the 
narrowband Brillouin 
gain process in optical 
fibres [76]. 
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 Temperature 
controlled 
DFB laser. 
Complex device including an EDFA. Using a 
temperature controlled DFB laser as a pump source, its 
wavelength can be modulated using its diode injection 
current and its output power stabilised using an EDFA in 
automatic power control mode. 
Note 10: Although wavelength accuracy is not directly 
mentioned it is expected to be a function of the accuracy 
of the tunable pump source. 
Commercial OSA 
using stimulated 
Brillouin scattering 
[77]. 
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External cavity 
fast tunable 
laser, which is 
precisely 
monitored with 
a physical 
standard 
wavelength 
reference. 
 Stimulated Brillouin scattering (SBS) is a non-linear 
optical effect produced by narrow-linewidth high-power 
light propagating through an optical fiber. By sweeping 
an external cavity tunable laser source (TLS) SBS is 
initiated at the wavelength under test giving a high-
resolution optical spectrum” [77]. 
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Uses thermal tuning of 
a micro-ring 
resonators’ resonance 
[78]. 
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Complex device 
requiring 
precise 
mechanical 
alignment. 
Resonator 
requires 
temperature 
tuning. 
Ring resonator is an Si structure with two waveguides 
buried in SiO2 and a micro-heater on top. 
Note 11: Author is concerned with the measurement of a 
wavelength shift and not absolute wavelength accuracy. 
Uses an Acousto-optic 
tunable filter to 
interrogate fibre Bragg 
grating sensors [79]. 
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Acousto-optic 
filter is a 
complex device. 
 Uses a voltage controlled local oscillator and feedback 
from the acousto-optic tunable filter to monitor the 
wavelength.  
Note 12: This paper makes no reference to the system’s 
accuracy. The resolution if a direct function of the 
AOTF line width. 
A Liquid Crystal-
Based Fourier Optical 
Spectrum Analyzer 
[80]. 
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stage static 
liquid crystal 
interference 
filter. 
 The technique can currently resolve the profiles of an 
EDFA gain spectrum or a DWDM signal. It currently 
cannot resolve the individual DWDM wavelengths. 
Note 13: Neither the potential resolution or accuracy are 
stated. 
Tunable filter based on 
a dynamic Bragg 
grating in iron doped 
indium phosphide [81]. 
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tunable laser 
diode. 
 Wavelength range is a function of the tunable laser. 
Note 14: Although it does not discuss the systems 
wavelength accuracy, a knowledge of the wavelength of 
the systems tunable source is required. Therefore. its 
accuracy will play a role in defining the overall system 
accuracy. 
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 Although not 
specified 
swept source is 
likely 
temperature 
controlled. 
The signal under test is mixed with a local oscillator 
(tunable swept wavelength source). Using s pair of 
balanced coherent receivers an optical spectrum can be 
generated that is a function of the optical mixing [82].  
Note 15: Wavelength accuracy not specified in this 
paper. 
Uses a wavelength 
swept laser source, 
etalon and MEMs 
technology [83]. 
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From Table 4-5 it is evident that for a given operating principle, the implementation, as 
evidenced by the sample techniques presented, will have an impact on the ‘key 
parameters’ such as their wavelength ranges and achievable long-term accuracies. This 
can be due to the nature of the specific technique employed or enhancements 
implemented to address the specific nature of the application in question. Overall, 
however, the performance achieved in practice will be determined by the underlying 
operating principle and by the long-term stability of the system calibration.  
4.5.2 Assessment strategy used to identify appropriate operating 
principle for use in a CWDM wavelength monitor 
This Section will first consider the methodology used to assess the potential of an 
operating principle (as listed in column one of Table 4-5), which can underpin the 
CWDM wavelength monitor in question in this thesis. Following this, an operating 
principle is selected for a proof of principle implementation in Chapter 5. Table 4-6 
assesses each operating principle against the two following criteria: 
 Attributes:  For each operating principle, assess the potential of achieving the 
key parameter values and the essential features set out in Table 4-3. The 
attributes (columns 3 to 8 in green) of the sample specific techniques set out in 
Table 4-5 are used as an indicator of the attainable performance.  A particular 
focus will be made on achieving the required wavelength accuracy. 
 Complexity: Furthermore, a solution that is “least complex” in essential; that is, 
the solution that has the lowest potential cost and does not burden one with 
undue complexity. It must also be realised that in many cases there is a trade-off 
between the potential to achieve key parameter values and the complexity 
incurred.  
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Table 4-6 Assessment of operating principles for use in a CWDM monitor 
Operating 
Principle 
Can the attributes be achieved? Physical simplicity or complexity 
Ratiometric Although the specific techniques referenced do not meet the 
required absolute wavelength range demanded here the 
operating principles absolute wavelength range is a function of 
the filter used and thus there is the potential to meet the 
wavelength range needed.  
There is not enough information presented in the references to 
make an assessment of the wavelength accuracy, but as 
discussed accuracy will be a matter for calibration. 
Assuming, for example, the use of a wavelength dependent optical 
splitter [58] as the optical filter, the number of components will be 
minimal. The system will be robust and does not require moving parts. 
The wavelength accuracy and resolution will be a function of the 
stability of the filter and the specifications of the ratiometric power 
meters. It is not envisioned that temperature control will be required. 
However, temperature monitoring could compensate for the influence 
of the thermal dependence of key components on long-term 
calibration. 
Interferometric 
12 
Using this operating principle, it is clear from Table 4-5 that it 
is possible to meet the key parameters. Many interferometric 
implementations require moving parts and precise mechanical 
alignment and calibration. Other fixed (no moving parts) 
implementations will however still require precise mechanical 
alignment and the use of a detector array. Some specific 
implementations require temperature control of reference 
sources. 
Interferometers are typically complex devices requiring careful 
mechanical alignment. For example, the Michelson interferometer 
relies on a scanning moving arm that is sensitive to temperature and 
mechanical imperfections, but the inclusion of a stabilised reference 
source can largely account for these errors. Other configurations such 
as the Fizeau Interferometer, with a static implementation, require the 
use of a CCD array [85]. 
                                                 
12 There are related interferometric techniques that utilise multimode interference based on fibre heterostructures. Fundamentally however these devices are used as edge filters 
and are an example of a ratiometric principle [96]. 
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Spectrographic Using this operating principle, it is clear from Table 4-5  that it 
is possible to meet the key parameters using specific 
implementations. More robust implementations using 
commercial MEMS have reached sub-nm resolutions. 
Spectrometers are typically complex devices requiring careful 
mechanical alignment. A scanning spectrometer that operates by 
moving a diffraction grating uses a single detector e.g. a photodiode. A 
non-scanning spectrometer that is mechanically more robust requires 
the use of a CCD camera chip [86].  
Stimulated 
Brillouin 
scattering 
Using this operating principle, it will be possible to meet all the 
key parameters. However, to meet the wavelength range 
requires a swept wavelength source that can be tuned across the 
entire range.  
Due to the nature of the swept wavelength source, this is a complex 
and costly operating principle. 
Heterodyne 
detection 
Using this operating principle, it will be possible to meet all the 
key parameters. However, to meet the wavelength range 
requires a local oscillator, a swept wavelength source that can 
be tuned across the entire range. The balanced coherent 
receivers minimise noise in the system which results in large 
dynamic power ranges. 
Due to the nature of the swept wavelength source, this is a complex 
and costly operating principle. The additional need for a coherent 
receiver will also very significantly increase system complexity and 
cost.  
Tunable filter Of the specific techniques studied using this operating 
principle, achieving the required values for the key parameters 
will not be possible.  The techniques typically have poor 
wavelength resolution or restricted wavelength ranges. 
There are two broad categories that optical filters can be classified 
into, those that use optical interference and those that use diffraction 
[87]. Unlike the interferometric and spectrographic operating 
principles that share the same underlying theory tunable filters are 
more compact devices. This is not to suggest that they are not a 
complex, in practice, many tunable filters may require precision 
alignment [78] [79],  multiple optical layers [80] or complex 
electronics [78] [79] [80].   
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Reflecting on Table 4-6, the interferometric and spectrographic operating principles 
offer the most certainty in achieving the key parameters of a CWDM wavelength 
monitor. However, their high levels of accuracy come at the expense of significant 
complexity, both mechanical and electrical.  
Both the stimulated Brillouin scattering and the heterodyne detection operating 
principles offer exceptional performance easily meeting the key parameters but over 
restricted wavelength ranges. Moreover, due to their complexity, these operating 
principles are typically used in niche, specialised high-end OSAs and would not be 
suitable for a CWDM wavelength monitor. 
Tunable filters play an important role in dynamic or reconfigurable multi-channel 
optical communications systems, with a typical application involving dropping an 
individual WDM channel out of a multiplexed group in a tunable WDM demultiplexer 
[88].  The many implementations of tunable filters such as the liquid crystal, acousto-
optic, Fourier transform spectrometer, linear variable and Fabry-Perot tunable filters 
contain complex systems of lenses and moving parts, and hence are bulky, fragile and 
expensive [89]. Furthermore, an accumulation of power from wideband spectral 
components, due to the non-ideal spectral response of the filter, may degrade the power 
accuracy and hence the wavelength resolution will be impacted. For high-performance 
measurement, a filter requires a steep spectral response [90].  In conclusion, the 
implementation of a wavelength monitor, with the required wavelength accuracy, will 
be a challenging complex solution. 
From the data available and the analysis in Table 4.6, the ratiometric operating principle 
offers a potential solution. Wavelength resolutions in the order of picometers are 
reported with the wavelength range being a function of the optical filter. There is not 
enough information available from authors to make an assessment of the wavelength 
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accuracy, but as mentioned above wavelength accuracy is a matter of calibration. Once 
an instrument is calibrated against a known standard its long-term accuracy in service 
becomes a function of how stable the calibration is with time, temperature, vibration etc. 
Thus, ease of calibration must also be considered, as a system that requires complex and 
time-consuming calibration will be uneconomical. 
In conclusion, based on the analysis above, a ratiometric operating principle offers the 
best potential for a robust optically passive system to underpin a proof of principle 
CWDM wavelength monitor. In comparison to the other operating principles, a 
ratiometric wavelength monitor is the least complex solution with some 
implementations being robust ‘all fibre’ systems.   
4.6 Summary 
Following a survey of instruments marketed to the CWDM industry, a set of attributes 
that are representative of the different types of instruments available was made. These 
attributes were categorised into parameters and features.  Each parameter and feature 
was considered in the context of a wavelength monitor for use in CWDM systems with 
a subsequent reclassification of the attributes into ‘essential features’ and ‘key 
parameters’, hence the attributes of a CWDM wavelength monitor were specified. An 
in-depth investigation of wavelength measurement operating principles was carried out 
with the aim of identifying a suitable technology to implement a CWDM wavelength 
monitor. The ratiometric wavelength measurement operating principle was chosen to 
implement a proof of principle CWDM wavelength monitor as it offers the best 
potential to meet the required specification with a least complex solution. 
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5 Proof of principle implementation of ratiometric 
operating principle 
5.1 Introduction 
In the previous Chapter, the required attributes of a CWDM wavelength monitor were 
examined and a candidate wavelength measurement operating principle was selected for 
the implementation of a proof of principle CWDM wavelength monitor. This Chapter 
will first examine the operation of the ratiometric operating principle. The filter 
discrimination limit and hence wavelength resolution limit of the ratiometric technique 
due to the limited Signal-to-Noise-Ratio (SNR) of the CWDM laser source will then be 
considered. It is concluded that the ratiometric technique will not achieve the desired 
wavelength resolution due to the limited SNRs of typical CWDM sources. A solution 
that allows the required wavelength resolution to be achieved is proposed that places the 
ratiometric power monitor at the Rs reference point (the receiver) so that the signal 
under test passes through a multiplexer and demultiplexer, improving the effective 
SNR.  
The use of a WDM splitter as an optical discriminator (wavelength dependent optical 
filter) is investigated with the arms of the splitter effectively providing a pair of filters 
with opposite wavelength response slopes. Finally, a proof of principle experiment is 
described that confirms that the required wavelength resolution is achievable but with 
the condition that the wavelength monitor is placed at the Rs reference point.  
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5.2 Overview of a ratiometric wavelength measurement 
system 
This Section will look at the characteristics of a system based on the ratiometric 
operating principle. Figure 5-1 illustrates a block diagram of a generic ratiometric 
wavelength measurement system.  
 
Figure 5-1 Block diagram of a generic ratiometric wavelength measurement system 
 
An optical signal whose wavelength is to be measured is split using a wavelength flat 
optical coupler/splitter 13 between two paths, one filtered and the other direct or 
unfiltered. The combination of the two optical paths forms a simple “wavelength 
                                                 
13 A three-port optical coupler can be configured as either a one to two port splitter or a two to one port 
combiner. In this Chapter, for simplicity, the component will be referred to an optical splitter as this is 
how it will be configured. 
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discriminator”. The optical output of the two paths, one filtered and the other direct, is 
converted to an electrical equivalent by two photodetectors. Because of the filter, the 
ratio of the optical signal intensity at the photodetectors is a function of wavelength and 
thus the ratio of the electrical output of the photodetectors is a function of wavelength 
[91]. Assuming a suitable filter response and calibration, the power ratio value can be 
used to determine the wavelength [58]. 
 The wavelength dependent optical filter is often referred to as an ‘edge filter’ in the 
literature [92] and employs the transition region between the stopband and passband of 
the filters transmission response [91]. The potential speed of the system is very fast, 
limited only by the speed of the ratiometric power measurement system [91] [93]. In 
addition, a further advantage is that the measurement of wavelength is independent of 
the source optical power level.  
The spectral response of the filter path of the discriminator is shown in an ideal form in 
Figure 5-2. A filter response with a large discrimination attenuation, Adisc, between the 
end points of the measurement band L and H, will maximise resolution, while 
ensuring the lowest baseline attenuation, Abase, will allow the highest possible detected 
power levels at Optical to Electronic (OE) conversion point, to preserve power 
measurement accuracy and maintain power measurement speed. The next sub-Section 
provides a brief worked example to help illustrate how a system could measure 
wavelength over the CWDM range.  
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Figure 5-2 Spectral response of a generic wavelength discriminator (optical filter) 
 
5.2.1 Worked example of a ratiometric wavelength measurement 
scheme 
A sample wavelength discriminator with a spectral response suitable for the CWDM 
range shown in Figure 5-3, offering a discrimination of 20 dB.  
 
Figure 5-3 Spectral response of a sample wavelength discriminator (optical filter) 
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Table 5-1 illustrates power budgets for the optical paths in the system at three sample 
wavelengths:  two wavelengths at the measurement extremes of the CWDM wavelength 
monitor (1261 nm and 1621 nm) and one wavelength in the centre of the range 
(1441 nm). An optical source with an input power into the wavelength measurement 
system of 0 dBm is assumed. The ratio of the powers detected at the photodetectors is 
calculated for each wavelength.  
 
Table 5-1 Optical powers at various points in a ratiometric wavelength measurement system for an 
optical signal with 0 dBm and (-7 dBm) input optical power and three different CWDM 
wavelengths 
Optical signal under test with an input power of 0 dBm and (-7 dBm) Units 
Sample 
Wavelength 
1261 1441 1621 nm 
50/50 Optical 
splitter insertion 
loss 
3.5 3.5 3.5 3.5 3.5 3.5 dB 
Power at outputs 
of 50/50 Optical 
splitter 
-3.5 
(-10.5) 
-3.5 
(-10.5) 
-3.5 
(-10.5) 
-3.5 
(-10.5) 
-3.5 
(-10.5) 
-3.5 
(-10.5) 
dBm 
Path to power 
meter is direct or 
filtered 
Direct Filtered Direct Filtered Direct Filtered  
Insertion loss of 
path 
0 2 0 12 0 22 dB 
Power detected 
at photodetectors 
-3.5 
(-10.5) 
-5.5 
(-12.5) 
-3.5 
(-10.5) 
-15.5 
(-22.5) 
-3.5 
(-10.5) 
-25.5 
(-32.5) 
dBm 
Ratio of detected 
powers 
2 
(2) 
12 
(12) 
22 
(22) 
dB 
 
There is a clear correlation between measurable power ratio and wavelength so that with 
a suitable calibration, a lookup table can be used to convert the ratio of the powers 
detected at the photodetectors to a wavelength. Furthermore, in Table 5-1 illustrates 
power budgets for the optical paths in the system at three sample wavelengths:  two 
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wavelengths at the measurement extremes of the CWDM wavelength monitor (1261 nm 
and 1621 nm) and one wavelength in the centre of the range (1441 nm). An optical 
source with an input power into the wavelength measurement system of 0 dBm is 
assumed. The ratio of the powers detected at the photodetectors is calculated for each 
wavelength.  
 
Table 5-1 in red are the equivalent powers for an input power of -7 dBm. It can be seen 
that the final ratio of the detected powers remains unchanged for a changing input 
optical power. This shows that as expected small variations and drift in a source’s 
optical power will not impact the measurement of its wavelength. It should be noted that 
the spectral response of the wavelength discriminator, i.e. the attenuation response of 
the optical filter, must either be monotonically increasing or monotonically decreasing 
with wavelength. An optical filter that attenuates two different wavelengths by the same 
amount will result in the two wavelengths having the same power ratio at the 
photodetectors and thus measurement ambiguity.   
5.3 Resolution of a Ratiometric System 
Given the emphasis in this thesis on achieving a specified accuracy, it is important to 
understand the limitations of a ratiometric wavelength measurement system, in 
particular in regard to accuracy and resolution. There are a number of simple factors 
that impact the resolution with which wavelength can be measured. From Figure 5-3, it 
can be concluded that if the discrimination is reduced, the resolution of the conversion 
of a measured power ratio to a known wavelength will be degraded. Likewise, the actual 
optical power measurement resolution of the photodetectors and subsequent processing 
system will also limit the effective wavelength measurement resolution.  
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This can be put in perspective for the system under consideration here as follows. The 
ratiometric wavelength measurement system being considered will require a wavelength 
dependent optical filter that discriminates over the 1261 nm to 1621 nm wavelength 
range. As an example, assume a discrimination of 20 dB and an optical power 
measurement resolution of 0.01 dB at the output of the two paths (this resolution is 
routinely achieved in power meters). An estimation of the systems wavelength 
resolution can be calculated based on the simple geometry of Figure 5-3. By dividing 
the discrimination of the filter by the resolution of the power measurement system the 
total number of distinct individual powers that can be measured is calculated, which 
equals the total number of distinct ratios that can be measured. Dividing the wavelength 
range by the number of measurable ratios gives the smallest variation in wavelength that 
can be measured, as illustrated in the Equation 8 below: 
Equation 8 Ratiometric technique wavelength resolution 
𝜆𝐻 − 𝜆𝐿
𝐴𝑑𝑖𝑠𝑐
𝑝𝑜𝑤𝑒𝑟 𝑚𝑒𝑡𝑒𝑟 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛⁄
= 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛⇒ 
1621𝑛𝑚 − 1261𝑛𝑚
20 𝑑𝐵
0.01𝑑𝐵⁄
= 0.18 𝑛𝑚 
Therefore, as the wavelength range for any particular application is fixed (e.g. DWDM 
or CWDM) to increase the wavelength measurement systems resolution, either the 
optical filters discrimination must be increased or the resolution of the optical power 
measurement must be improved or both. 
The wavelength measurement system being considered in this thesis requires a 
wavelength measurement accuracy of 0.1365 nm. A first step in achieving this accuracy 
is a system that can measure wavelength with this resolution. Rearranging Equation 8 it 
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can be seen that if the resolution with which power is measured is maintained at 0.01 dB 
then a filter with a wavelength discrimination of 26.37 dB would be required. 
(𝜆𝐻 − 𝜆𝐿) ×  𝑝𝑜𝑤𝑒𝑟 𝑚𝑒𝑡𝑒𝑟 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 𝑟𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
= 𝐴𝑑𝑖𝑠𝑐⇒ 
(1621𝑛𝑚 − 1261𝑛𝑚) × 0.01𝑑𝐵
0.1365 𝑛𝑚
= 26.37 𝑑𝐵 
 
5.4 Filter discrimination limits in a ratiometric system 
In practice, there are limits on the effective discrimination of the filter, due not to the 
optical design of the filter, but rather to the wide-band noise of the optical source under 
test. This was investigated in previous work [91] by Q. Wang et al, which investigated 
the response of the wavelength discriminator where the source is a non-ideal source. As 
expected [91] confirms that for an ideal noise-free optical source that a straightforward 
approach to increasing a ratiometric wavelength measurement system’s resolution is to 
increase the discrimination of the optical filter.  
However, this approach to increasing resolutions does not work if one considers the 
optimal transmission response of the optical filter in the context of the limited signal to 
noise ratio (SNR) of the signal source. For a real laser source, although a great deal of 
the optical power lies within the narrowband portion of the source’s spectrum, there is a 
measurable power due to the spontaneous emission of the laser, even far from the 
central wavelength. Figure 5-4 shows the intensity distribution of a tunable laser, at a 
number of different centre wavelengths and its associated wideband noise.  
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Figure 5-4 Intensity distribution of a typical tunable laser source in the wavelength region 1500 nm 
to 1600 nm. Reproduced from [91]. 
In [91] it is shown that for increasing values of discrimination, both the calculated and 
experimental power ratios detected at the photodetectors diverge from the actual 
transmission response of the wavelength discriminator. This divergence is shown to be 
due to the limited SNR of the laser source under test. Reusing the model14 previously 
developed in [91], Figure 5-5 shows over a wavelength range of 1500 nm to 1600 nm 
the transmission response of six different wavelength discriminators (note that the SNR 
of the source modelled in Figure 5-5 has a noise floor of 55 dB with a random variation 
of up to 1 dB). For each of the discriminators the attenuation the signal undergoes at 
1500 nm is 0 dB, with the attenuation at 1600 nm increasing from 10 dB through to 
                                                 
14 Given the importance of the model specified, the source paper is reproduced in Appendix A –   
Q. Wang, G. Farrell and T. Freir, “Study of Transmission Response of Edge Filters Employed in 
Wavelength Measurements,” Applied Optics, vol. 44, no. 36, p. 7789, 2005. 
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60 dB in steps of 10 dB (The 60, 50 and 40 dB discriminator transmission responses are 
labelled in Figure 5-5 for clarity). As can be seen, the transmission response increases 
linearly with wavelength as expected. Furthermore, in Figure 5-5 the associated power 
ratio is also plotted for each discriminator transmission response. The power ratio is the 
ratio of the signals from the two paths, one filtered and the other direct or unfiltered, 
detected at the photodetectors. Under ideal circumstances for a noise free source, the 
ratio and the transmission response lines should be equal but as can be seen for a given 
slope, as the discrimination of the filtered path increases the actual ratio diverges from 
the expected value. This is due to the wideband noise of the signal under test. As can be 
seen in Figure 5-5 the power ratio associated with the 60 dB discriminator diverges 
away considerably from the transmission response. As the discrimination is reduced, 
50 dB, 40 dB and lower, the divergence away from the ideal (ratio and the transmission 
response lines equal) is reduced.   
 
Figure 5-5 Transmission response of wavelength discriminator and the associated power ratio at 
the photodetectors from model in [91]. Source has an SNR of 55 dB with a random component 
< 1 dB 
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A physical explanation for this is as follows: using the 60 dB discriminator a signal 
source with a peak signal power of 0 dBm at 1500 nm will undergo 0 dB attenuation, 
with the sources wideband noise undergoing increased attenuation across the range from 
1500 nm to 1600 nm. Hence the peak signal power will be transmitted without change 
(0 dBm) but the wideband noise will be attenuated by up to 60 dB at 1600nm. However, 
in contrast, a signal source with a peak power of 0 dBm at 1600 nm will undergo 60 dB 
attenuation, but the sources wideband noise from 1600 nm down to 1500 nm will 
undergo ever decreasing attenuation. Hence, the peak signal power will have been 
attenuated to by 60 dB to -60 dBm but with some of the wideband noise undergoing no 
attenuation.  
It is concluded that as the wavelength increases (and hence undergoes higher 
discrimination) there is an effective degradation of the SNR of the source under test. 
From Figure 5-5, it can be seen that the effect of this degradation of the SNR of the 
source has a more pronounced effect on the ratio as the filters discrimination is 
increased. It can also be shown using this model that if a source with a poorer signal to 
noise ratio is used the divergence is more pronounced. 
It is worthwhile considering in more detail the divergence between an ideal response 
and a response compromised by a source with a finite SNR. Assume the difference 
between the actual transmission response and the ratio detected at the photodetectors is 
denoted by ΔT. 
Again, using a source with an SNR of 55 dB, Figure 5-6 plots ΔT against a varying 
maximum transmission response of the discriminator at a fixed wavelength of 1600 nm. 
1600 nm is used here, as this is where the maximum value of ΔT occurs. It can be 
observed that as the discrimination of the filter increases, the value of ΔT also increases. 
In addition, the larger the discrimination, the greater the effect the sources wideband 
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noise plays in the ratio detected at the maximum wavelength of 1600 nm. The result is 
that the ratio detected varies from measurement to measurement due to the random 
nature of the noise. If a discriminator is being used to measure wavelength, with the 
need to meet a given resolution specification, then a maximum value of ΔT must be 
considered, ensuring the ratio detected is as close to ideal as possible following the 
transmission response. From knowledge of the maximum ΔT, for a given source SNR, a 
maximum value of discrimination can be determined. For example, as a starting point if 
ΔT is required to be within 0.01 dB (comparable with the resolution of the power 
detectors, as before), then any small fluctuations in the power ratio detected due to the 
random nature of the wide-band noise must be smaller than the resolution of the power 
detectors. Using this logic, Figure 5-6 shows that for ΔT ≤ 0.01 dB and a source SNR of 
55 dB, a maximum value for the discrimination is found to be about 11.5 dB.  
 
Figure 5-6 Difference between transmission response and output ratio at 1600 nm for a source SNR 
of 55 dB. 
Using an 11.5 dB discriminator and assuming a power measurement resolution of 
0.01 dB, a wavelength resolution of 0.087 nm over this wavelength range is achievable. 
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Further work has shown that as the SNR of the source degrades the maximum 
acceptable value for the discrimination will be reduced and hence the resolution with 
which the system can measure wavelength is further reduced.  
5.5 Implications for a CWDM wavelength monitoring system 
The results discussed in Section 5.4 considered a discriminator operating over the 
1500 nm to 1600 nm range and the impact of the sources wideband noise on a 
ratiometric wavelength measurement system. One important parameter is the SNR of 
actual CWDM sources. ITU-T G.957 specifies SDH optical interfaces for use with 
DWDM and CWDM systems. Although it specifies limits on spectral width and the 
minimum side mode suppression ratio of sources, it does not set a minimum value on 
the intensity of the wideband power generated by the source due to spontaneous 
emission. As CWDM is a lower cost and less complex technology than DWDM, the 
sources do not meet the high-performance characteristics of DWDM sources. In the 
absence of data from manufacturers or from the ITU-T, the impact the SNR of the 
CWDM source has on the maximum discrimination has been investigated over a range 
of SNR values.   
Thus, the model (from [91]) has been adapted for use over the 1261 nm to 1621 nm 
range for use in the CWDM wavelength monitoring system under consideration, with 
the SNR of the source set to 60, 50, 40 and 30 dB.  Using a discriminator with a 
26.37 dB transmission response, as determined above, Figure 5-7 shows the modelled 
transmission response of the discriminator and diverging away from it the power ratio 
detected at the photodetectors as the SNR of the source is reduced in steps of 10, from 
60 to 30 dB. It can be seen in Figure 5-7 when the model above is run over a wider 
wavelength range, the maximum value of the discrimination will be reduced due to 
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increased wideband noise from the source and further reduced by the reduction of the 
source’s SNR, hence the resolution of the system will be degraded further. 
 
Figure 5-7 Modelled transmission response of a 26.37 dB wavelength discriminator and the ratio at 
the photodetectors for sources with an SNR of 60, 50, 40 & 30 dB. 
From the results in Figure 5-7, it is clear that due to a combination of the large 
discrimination required and the effect of the wideband noise power that the required 
resolution will not be achievable using a ratiometric power measurement system in its 
current configuration. 
In considering that the main cause of the divergence of the ratio at the photodetectors 
from the ideal is due to the wideband noise of the source laser, filtering of this noise can 
be considered as means to improve the effective SNR. Before adding complexity to the 
ratiometric wavelength measurement system to achieve this, a real CWDM system 
should be considered. Figure 5-8 shows in red the optical path of a 1511 nm CWDM 
signal. As the signal passes through the multiplexer it is passing through an optical 
filter, as discussed in Section 3.5.1, with a 0.5 dB passband of 13 nm and an adjacent 
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channel isolation of 30 dB. Furthermore, when the signal passes through the 
demultiplexer it passes through a second identical filter. 
 
Figure 5-8 Block diagram of optical path from Tx1 to Rx1 in a sample CWDM system 
 
Thus, it can be assumed that any signal detected at the receiving end of a CWDM 
system, known as interface point Rs as discussed in Section 1.6 will have passed 
through two optical bandpass filters, significantly attenuating the sources wideband 
noise. Adjusting the model to simulate a ratiometric wavelength measurement system 
placed at the Rs reference point at the receiver and a signal source with an SNR of 
30 dB the results in Figure 5-9 are obtained.   
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Figure 5-9 Difference between transmission response and output ratio at 1621 nm with a source 
SNR of 30 dB, measured at Rs. 
It can be seen in Figure 5-9 that even with a large discrimination, > 25 dB, and a poor 
source SNR of 30 dB, that ΔT is an order of magnitude smaller that the limit of 0.01 dB 
set in the last Section. This shows that when the system connection point is at a CWDM 
receiver, the ratio at the photodetectors of such a ratiometric wavelength measurement 
system will follow the transmission response of the discriminator with minimal error 
and will then be able to resolve changes in wavelength of 0.1365 nm as required. The 
next Section will consider a suitable wavelength discriminator for use in a proof of 
principle experiment to validate these results. 
5.6 Wavelength-dependent optical filter 
When considering an optical filter for use as a wavelength discriminator in a ratiometric 
wavelength measurement system the following requirements must be considered in the 
first instance.  
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 Does it operate over the correct wavelength range? 
 Does it have the required discrimination? 
 Is the transmission response monotonically increasing or decreasing? 
 Is it easily connectorised? 
The literature proposes a number of candidate wavelength dependent optical filters 
including a wavelength dependent glass filter [58]; a thin film filter [62] and an all fibre 
macro-bending edge filter [63]. An alternative implementation, Figure 5-10, proposed in 
the literature, is to use a highly wavelength dependent optical splitter in lieu of the 
optical filter and the wavelength flat 50/50 optical splitter [58]. This also has the 
advantage that it simplifies the implementation by reducing the number of optical 
components required to one and as explained later allows for both paths to be 
wavelength dependent improving the discrimination. 
 
Figure 5-10 Block diagram of a ratiometric wavelength measurement system using a wavelength 
dependent filter 
Optical splitters routinely couple two different wavelengths into one fibre or split two 
different wavelengths from one fibre into two. Such splitters are often used for WDM 
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applications or in Erbium-Doped Fibre Amplifiers (EDFAs).  Figure 5-12 shows a 
generic wavelength response of the proposed commercial splitter shown in Figure 5-11. 
The insertion loss of ports 1 to 3 has a minimum at λ1 (near 0 dB) with the insertion loss 
increasing monotonically to a maximum (greater than 20 dB) as the wavelength 
approaches λ2. Conversely, the insertion loss of ports 1 to 2 has a minimum at λ2 (near 
0 dB) with the insertion loss increasing monotonically to a maximum (greater than 
20 dB) as the wavelength approaches λ1. Such an optical splitter offers a large 
discrimination for use in a ratiometric wavelength meter. Furthermore, when 
considering a proof of principle implementation, the type of splitter available has values 
of λ1 and λ2 equal to 1310 nm and 1625 nm respectively.  It is accepted this range does 
not match the range demanded by the system under consideration here, however for a 
proof of principle experiment around 1531 nm this is an acceptable limitation, 
furthermore, while it is beyond the scope of the proof of principle experiment described 
here, it should be noted that customised couplers can be manufactured with values of λ1 
and λ2 such that the required wavelength range (1261 nm to 1611 nm) lies in the 
monotonically increasing section of the response. 
 
Figure 5-11 Three port generic WDM optical splitter, reproduced from Newport.com 
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 Figure 5-12 Wavelength response of generic Newport WDM optical splitters, reproduced from 
Newport.com [94] 
WDM splitters are not in themselves optical filters but can be utilised as such in this 
work. A key advantage of using a WDM splitter is that the arms of the splitter 
effectively can provide a pair of filters with opposite response slopes. Taken together 
this feature can be used to good effect to increase the effective discrimination, as shown 
in [95] and thus the wavelength resolution of the ratiometric wavelength measurement 
system can be improved.  For WDM splitters in general, the term “isolation” is used to 
define the ability of a splitter to reject an unwanted wavelength at an output port. For 
example, in the case of port 1 to 3 in  Figure 5-12, the isolation is the difference in 
insertion loss of λ1 (0 dB) versus λ2 (20 dB). This gives an isolation value of 20 dB 
(0 dB – 20 dB). In turn, when viewed as filter, this isolation can be interpreted as the 
optical filters discrimination. A brief survey of WDM splitters shows that each output 
port has an isolation that is typically specified as having a minimum value better that 
20 dB. Hence, with both the splitter’s outputs having an isolation of 20 dB and opposite 
wavelength response slopes, the splitters discrimination is in effect doubled to 40 dB 
[95]. This is made clear in Figure 5-13 which shows how a wavelength dependent 
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splitter can be replaced by way of illustration by a combination of a wavelength 
independent splitter and two wavelength dependent filters, with opposite response 
slopes. 
 
Figure 5-13 Wavelength dependent splitter and equivalent wavelength flat splitter and filter 
combination 
A comparison to Figure 5-1 confirms that the ratio at the photodetectors in Figure 5-13 
is influenced by two filters, not one, hence the increase in the discrimination. Hence, 
using Equation 8 Ratiometric technique wavelength resolution and a discrimination of 
40 dB, a wavelength resolution of 0.09 nm can be achieved, which is better than the 
specification required. 
5.7 Proof of principle wavelength discrimination 
In this Section, a proof of principle wavelength discriminator will be implemented with 
the aim of demonstrating the minimum wavelength resolution of 0.1365 nm can be 
achieved using a ratiometric wavelength measurement scheme, but with the caveat that 
the ratiometric wavelength monitor is placed at the RS reference point (near the CWDM 
receiver). In addition, a comparison will be made demonstrating the improvement in the 
techniques performance when the sources wideband noise is filtered by the multiplexer 
and demultiplexer.  
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Figure 5-14 shows the block diagram of the experimental setup replicating the 
placement of a ratiometric power meter at the Ss reference point (near the CWDM 
transmitter). A NetTest OSICS tunable ECL (External Cavity Laser) is used to 
replicated a CWDM source experiencing wavelength drift. A “dBm Optics Model 
4100” dual channel optical power meter is used to implement a ratiometric power meter. 
A high isolation WDM splitter from Laser 2000 with operating wavelength of 1310 nm 
and 1625 nm, typically used for CATV applications, is repurposed for use as a 
wavelength dependent optical filter. Note that manufacturers and suppliers of WDM 
splitters do not typically supply detailed data on the spectral response of the components 
outside the specific wavelengths of interest, in this case 1310 nm and 1625 nm, hence 
that the selection of this specific component was carried out in the absence of data on its 
spectral response over the complete CWDM range. This is because data on other 
wavelengths is typically not relevant in the applications the splitters are designed for.  
 
Figure 5-14 Block diagram of the experimental setup replicating the placement of a ratiometric 
power meter at the Ss reference point (near the CWDM transmitter) 
 
The tunable laser's wavelength is set to 1531 nm and the ratio of the detected powers at 
the dual-channel power meter is measured every 10 mS. Using a technique by Q. Wang 
& T. Freir et al, that demonstrates the minimum detectable change in the wavelength, a 
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step change in the tunable lasers wavelength of 0.1 nm is made and the resulting change 
in the detected power ratio will be measured [63]. Figure 5-15 clearly shows a step 
change in the ratio detected when the input wavelength is changed.  
 
Figure 5-15 Ratio detected by ratiometric power meter with a step input change in wavelength of 
0.1 nm, system input connected at the Ss reference point 
 
As discussed in Section 3.5.1, multiplexers and demultiplexers can be modelled using 
optical splitters and optical filters, as in Figure 5-16. Using CWDM filters that have the 
same wavelength response as the multiplexer and demultiplexer replicates the effect of 
the wavelength being measured passing through a links multiplexer and demultiplexer. 
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Therefore, in place of a multiplexer and demultiplexer the signal from the source passes 
through two identical CWDM optical filters, Laser 2000 - LAS-029606, with ±6.5 nm 
passbands centered around 1531 nm. Figure 5-17 shows the block diagram of the 
experimental setup which in effect replicates the placement of a ratiometric power meter 
at the Rs reference point (near the CWDM receiver). 
 
Figure 5-16 Components and subsystems of the Multiplexer and Demultiplexer models. 
Reproduced from OptiSystem component library 
 
Figure 5-17 Block diagram of the experimental setup replicating the placement of a ratiometric 
power meter at the Rs reference point (near the CWDM receiver) 
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The experiment described above is repeated and the results in Figure 5-18 again clearly 
shows a step change in the ratio detected when the input wavelength is changed.  
 
Figure 5-18 Ratio detected by ratiometric power meter with a step input change in wavelength of 
0.1 nm, system input connected at the Rs reference point 
For a comparative analysis Figure 5-15 and Figure 5-18 have been placed side by side 
in Figure 5-19. On the right-hand side, showing the ratio detected at the Rs reference 
point, two green lines have been placed showing the clear margin in the ratio detected 
when the wavelength makes a step change of 0.1 nm. On the left-hand side, showing the 
ratio detected at the Ss reference point, the same two green lines have been placed for 
comparison. This shows that the margin in the ratio detected when the wavelength 
makes a step change of 0.1 nm is not as clear. 
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Figure 5-19 Comparison of Figure 5-15 and Figure 5-18 
 
The results in Figure 5-19 confirm that by placing the CWDM wavelength monitor at 
the Rs reference point that the wide band noise from the source will be significantly 
attenuated resulting in the wavelength discriminators wavelength response following 
close to the ideal as opposed to diverging away as discussed in Section 5.4. 
Furthermore, it confirms that under these limited circumstances that a wavelength 
change of 0.1 nm can be detected and hence with suitable engineering and calibration a 
wavelength accuracy of 0.1 nm can be achieved. 
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It should be noted that a number of improvements can be made to the experiment to 
strengthen the conclusions. For example, the source used is a continuous wave 
(unmodulated) ECL with an SNR of 47 dB. It is expected that a source with poorer SNR 
would produce a step change in ratio, at the Ss reference point, with a less clear margin 
than that in Figure 5-15 due to the additional wide band noise in the source. A similar 
result to that in Figure 5-18 is expected when measured at the Rs reference point as a 
large proportion of the additional noise would be filtered by the CWDM filters. 
Furthermore, given the components available the experiment was not carried out at a 
wavelength that undergoes maximum discrimination. As shown in Section 5.4 the 
negative effect of the signal SNR on the ratio detected is at the wavelength that 
undergoes the greatest discrimination, hence an experiment carried out at this 
wavelength would show more contrasting results than those in Figure 5-19. 
Finally, averaging of the powers detected would reduce the fluctuations in the ratios 
detected especially in the context of a signal source with a poorer SNR. 
 
5.8 Summary 
The Chapter opened with an overview of the operation of a ratiometric wavelength 
measurement scheme and its ability to resolve wavelength. Furthermore, the broad 
wavelength range and the limited discrimination of the optical filter as limiting factors 
in the scheme’s ability to resolve wavelength were also considered. Further analysis of 
the filters discrimination and the impact of the optical source’s SNR on the achievable 
wavelength resolution was modelled. The results of the model showed that the desired 
wavelength resolution is only achievable when measurements are made at the Rs system 
reference point. A proof of principle experiment is carried out using a 1x2 WDM 
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splitter with operating wavelengths 1310 nm and 1625 nm, in place of a wavelength flat 
splitter and optical filter. The benefits of this arrangement were discussed, followed by 
two experiments showing the achievable wavelength resolution at both the Ss and Rs 
reference points. The experiment confirmed that by placing a wavelength monitoring 
system based on the ratiometric principle at the Rs interface point that the wavelength 
resolution is improved, achieving the required resolution, due to the filtering of the 
source’s wideband noise by the multiplexer and demultiplexer within the link. 
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6 Conclusions 
6.1 Summary of work 
This thesis investigates CWDM wavelength monitoring, the accuracy with which 
CWDM wavelengths must be measured and the implementation of a wavelength 
monitor capable of reaching the desired accuracy. A summary of the work is as follows: 
The relevant CWDM and the ITU-T standards and the need for long term wavelength 
monitoring have been discussed. After a detailed analysis of wavelength drift in CWDM 
systems an overview of a model to determine its impact is considered. Using industry 
best practice in measuring BER the following is assumed; when a links BER is 
measured and returns a value of 1x10-12, it can be said that the BER is better than 
1x10-12 with a confidence level of 95%. Using this assumption, a worst-case BER is 
calculated. A detailed argument is developed linking this calculated worst-case BER to 
the wavelength drift that causes an equivalent degradation in a links BER. A CWDM 
system model is then tested and validated. Using the system model the wavelength drift 
that causes an equivalent degradation of a links BER is determined, hence this value of 
wavelength drift is taken as the wavelength meter’s minimum wavelength accuracy. 
Following this a CWDM wavelength monitor is specified with a view to identifying a 
suitable candidate technology for implementation as a proof of principle. The 
wavelength resolution limits of the proposed candidate technology are investigated 
followed by a proof of principle experiment to demonstrate that the desired resolution is 
achievable. 
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6.2 Thesis conclusions 
The conclusions in this section are drawn from across the thesis and are divided into a 
number of distinct areas.  
Conclusions regarding CWDM and wavelength drift: 
 A CWDM system model based in ITU-T G.695 application code S-C4L1-1D2, 
that simulates how a CWDM source undergoing wavelength drift impacts the 
links BER under worst case conditions, was developed in OptiSystem using data 
from ITU-T recommendations and commercial datasheets. 
 Using the CWDM system model, it was verified that when a source’s 
wavelength drift was within the of ±6.5 nm, maximum central wavelength 
deviation, as specified in ITU-T G.695, that the drifts impact on attenuation and 
dispersion is marginal. This marginal change is due, in part, to the wavelength 
dependence of attenuation and dispersion in an optical fibre and also the 
insertion loss ripple in the systems multiplexer and demultiplexer. 
 When the source’s wavelength drifts beyond the ±6.5 nm limit, the links 
attenuation is impacted rapidly due to the concatenated impact of the optical 
filters roll-off in both the multiplexer and demultiplexer. 
 The system model was tested and validated using worst case values, ensuring the 
individual components behaved as expected with particular attention paid to the 
multiplexer and demultiplexer due to their strong wavelength dependence. 
Conclusions regarding wavelength accuracy:  
 It was found that the accuracy and resolution parameters of test and 
measurement equipment are often incorrectly used as interchangeable.  
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 This work found that instruments are typically calibrated against a known 
standard to maximise the agreement between the measured value and the known 
standard. Hence, this work concludes that wavelength accuracy ultimately 
depends on the engineering of a device and the calibration process used. 
Therefore, a wavelength measurement technique that can measure wavelength 
with a minimum resolution of 0.1365 nm can with appropriate calibration and 
engineering measure wavelength with the same accuracy. 
 The accuracy of wavelength measurement instruments for CWDM does not 
appear to be set by any particular test and measurement requirement or industry 
standard but by the limitations of the technology employed to measure 
wavelength or the need to get a particular competitive specification advantage 
over a rival instrument manufacturer.  
 The thesis developed a successful analytic approach in determining the required 
wavelength accuracy of a wavelength monitor for CWDM systems independent 
of the implementation approach. The approach used examined how wavelength 
drift impacts the most important system parameter in CWDM systems, 
specifically error performance.  
 To implement the analytical approach a source of data was required. It was 
found that statistical confidence levels of BER measurements taken by typical 
industry test and measurement equipment could be used for this purpose.  Thus, 
the wavelength drift in excess of ± 6.5 nm that gave an equivalent degradation of 
the worst-case BER was calculated. It was concluded that if the accuracy of the 
wavelength monitor is better than 0.1365 nm, the value of the excess wavelength 
drift, then the confidence with which drift can be measured is comparable to the 
confidence which engineers and designers accept in measuring BER. 
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Conclusions regarding ratiometric wavelength measurement: 
 It was found that the use of a ratiometric technique in wavelength measurement 
offers many benefits including: a relatively simple design, the potential to use 
all-fibre components, the use of well-established wavelength measurement 
techniques, its immunity to source power fluctuations, its speed of measurement 
limited only by the power measurement electronics and its potentially 
mechanically robust nature.  
 A significant disadvantage of using a ratiometric wavelength measurement 
technique is that it cannot measure the wavelength of multiplexed signals. 
Therefore, strictly speaking, the wavelength monitor being proposed may only 
be suitable for ‘black link’ type system interfaces as defined by the ITU-T. 
However, this is not a significant limitation as many ‘black box’ 
implementations use individual transponder cards patched to a multiplexer, 
hence access to non-multiplexed signals is possible. 
 State of the art ratiometric wavelength techniques demonstrate picometers 
wavelength resolutions (2 pm to 10 pm) over limited wavelength ranges (50 to 
60 nm). 
 This thesis has shown, by using a basic model and worst-case assumptions 
regarding a laser’s SNR that the required wavelength resolution of 0.1365 nm 
cannot be met using a basic ratiometric technique.  
 The analysis of the model’s results shows that the limitations of the wavelength 
meter’s accuracy are due to a combination of the large filter discrimination 
required, the wide wavelength range and the limited SNR of CWDM sources.  
 By adapting the model to simulate placing such a wavelength measurement 
system at the RS reference point, it was shown that the optical power due to the 
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sources wideband noise would be significantly reduced as the signal under test 
will pass through two narrowband optical filters (in the multiplexer and 
demultiplexer). Analysis showed that by placing the wavelength measurement 
system at the RS reference point, the ratiometric wavelength measurement 
system’s wavelength resolution would exceed the desired 0.1365 nm.  
 It was concluded that such a wavelength measurement system based on this 
technique and with suitable engineering and calibration, if placed at the RS 
reference point, has the potential to have a wavelength accuracy better than 
0.1365 nm.  
Conclusions regarding proof of principle experiment: 
 It was concluded that a wavelength change of 0.1 nm can be detected by a 
CWDM wavelength monitor using a ratiometric technique when the monitor is 
placed at the Rs reference point and hence, with suitable engineering and 
calibration an accuracy of 0.1 nm can be achieved.  
 It was concluded that the results of the proof of principle experiment show that 
by placing the CWDM wavelength monitor at the Rs reference point that the 
wide band noise from the source will be significantly attenuated, resulting in the 
wavelength discriminators wavelength response following close to the ideal as 
opposed to diverging away. 
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6.3 Future work 
In Chapters 2 & 3, using Optisystem, the work developed a worst-case CWDM model 
and hence calculated a wavelength measurement system’s minimum wavelength 
accuracy. The model was based on ITU-T G.695 application code S-C4L1-1D2, a 
unidirectional, four-channel, 2.5 Gbit/s link. This is one of many possible CWDM 
implementations with others having more channels, different target lengths, different bit 
rates and bidirectional operation. Future work can include, using the same rational, 
calculating the minimum wavelength accuracy for other ITU-T G.695 application codes. 
In Chapter 5, a simple model, developed by Q. Wang et al  [91] , of the transmission 
response of an optical discriminator and the ratio of the optical power detected was used 
to investigate the limitations of the ratiometric technique. The model was expanded for 
use over the CWDM range and further adapted to simulate the addition of the optical 
bandpass filters in the multiplexer and demultiplexer. This simple model made a 
number of assumptions; The filter response is linear, for example the discrimination 
increases at 0.1 dB per nm. The wide-band noise, due to the spontaneous emission of 
the laser, is constant over the full wavelength measurement range of the system. Future 
work should consider adapting the filter response to accurately represent the 
discriminator being used, in this case a WDM coupler. As can be seen in  Figure 5-12 
the response of a WDM coupler is not linear. In addition, the model can be adapted to 
better represent the spectral response and wide band noise of a real CWDM laser. 
To achieve the required wavelength accuracy, it has been concluded that the wavelength 
measurement system must be placed at the RS reference point. It should be noted that 
the worst-case optical power researching the wavelength monitors detectors is 
approximately -68 dBm assuming a worst-case receiver sensitivity of -28 dBm (across 
all ITU-T G.695 application codes), a 1% tap (~20 dB) and a maximum discrimination 
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of 20 dB. Future work should consider power measurement at such a level and its 
impact on ratiometric power measurement, with power averaging a common technique 
used to minimise noise. 
The proof of principle was carried out using a 1x2 WDM splitter with operating 
wavelengths 1310 nm and 1625 nm. As discussed in Section 5.6, this splitter does not 
cover the required wavelength range for use in a CWDM monitor. Future work should 
consider having a custom splitter manufactured such that the required wavelength range 
(1261 nm to 1611 nm) lies in the monotonically increasing section of the response, with 
an optimised discrimination. 
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